Quantitative analysis of sedimentation and structure relating to the permo-triassic succession of the Southern Sydney basin by Jakeman, B. L.
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
1980 
Quantitative analysis of sedimentation and structure relating to the permo-
triassic succession of the Southern Sydney basin 
B. L. Jakeman 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Jakeman, B. L., Quantitative analysis of sedimentation and structure relating to the permo-triassic 
succession of the Southern Sydney basin, Doctor of Philosophy thesis, , University of Wollongong, 1980. 
https://ro.uow.edu.au/theses/2105 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
IT AT I VE ANALYSIS OF SEDIMENTATION AND STRUCTURE 
RELATING TO THE PERMO-TRIASS IC SUCCESSION 
OF THE SOUTHERN SYDNEY BASIN
by
B.L. JAKEMAN
Thesis presented for the degree of 
Doctor of Philosophy 
at the University of Wollongong, 1980.

To my pajiwvU
ABSTRACT
A mathematical modelling approach is used to investigate (i) 
the vertical and lateral facies variations in the coal-bearing Sydney 
Subgroup, and (ii) the influence of active structures on Permo-Triassic 
sedimentation in the southern Sydney Basin.
A Markov chain model is employed in conjunction with detailed 
borelog data compiled by the author to explore the cyclic character­
istics of the Sydney Subgroup. The model is based substantially upon 
an embedded Markov model developed by Doveton, with modifications 
appropriate to the form of the sequence data. During the application 
of the model, careful consideration was given to the mathematical 
assumptions and to the rationale of structuring the sequences.
The Sydney Subgroup is adequately described by a first-order 
Markov process, with only minor elements of second-order memory 
indicated; most nonrandom triplets (i.e. groups of 3 successive lithol­
ogies) are attributable to the compound effects of first-order memory. 
Entropy calculations, together with the large number of nonrandom 
triplets associated with oscillating pairs of lithologies, reveal a low 
degree of ordering in the sequence. Two dominant modal cycles emerge 
from the analysis:
(i) a fining upward cycle, comprising coal -»• coarse sand­
stone + fine sandstone -* interbedded fine elastics -* mudstone -* 
coal; and,
(ii) a fine-coarse-fine cycle, comprising coal -* mudstone 
laminite -*■ fine sandstone -> interbedded fine elastics mud­
stone coal.
The fining upward cycles are attributed to point bar development, 
followed by peat accumulation, in a predominantly upper delta plain or 
fluvial environment; the wide lateral extent of individual cycles is 
ascribed to multiple lateral avulsion, which is facilitated by rapid 
compaction of large thicknesses of underlying peat.
The fine-coarse-fine cycles are attributed to sediment and peat 
accumulation in a predominantly lower delta plain environment; the 
coarser central portion of the cycle results from the approach of 
channels or the development of crevasse-splays in the backswamps where 
previously peai and then muds had accumulated. These cycles owe their 
diversity to the vagaries of sediment supply, compactional subsidence,
crevassing and channel migration, and to the complex geometries of 
migrating facies zones in the lower delta plain environment.
Two weak, but important, trends occur in the distribution of 
fining upward and fine-coarse-fine cycles: first, the proportion of 
fine-coarse-fine cycles increases northward into the central part of 
the southern Sydney Basin; and, second, the proportion of fining upward 
cycles increases irregularly toward the top of the Sydney Subgroup, 
indicating an oscillating progression from lower deltaic to upper 
deltaic or fluvial conditions. The combined trends suggest that the 
point bar - coal sequences prograded gradually northward over the lower 
delta plain sequences, and are consistent with the overall regressive 
character of the Permo-Triassic succession in the Sydney Basin.
Polynomial regression analysis shows that both the frequency and 
average thickness of Sydney Subgroup cycles increases into areas of 
thicker total section, which correspond to areas of greater net 
subsidence during the Permian. The lateral variation in cycle 
frequency is explained in terms of the interaction of sedimentary and 
edaphic factors in a deltaic environment undergoing continuous 
differential subsidence during sedimentation, since broad-scale 
mechanisms of cycle formation (e.g. epeirogenic, climatic or 
eustatic fluctuations) demand that the cycle frequency remain constant 
over long distances.
The statistically significant negative quadratic component of 
the regression equation relating average cycle thickness to total 
thickness indicates that the total section thickness increases north­
ward more rapidly than the average cycle thickness. This relation 
appears to reflect the increase in the proportion of relatively thinner 
fine-coarse-fine cycles to thicker fining upward cycles in the 
direction of thicker total section, which is in turn related to the 
distribution of subenvironments in the northward prograding delta.
The influence of contemporaneous differential subsidence upon 
the thickness of successive Permian and Triassic formations is 
investigated using trend-surface analysis. The patterns of formation 
structure and thickness are resolved into geologically meaningful large 
and small-scale features. The structural trends correspond to the 
regional syncline of the southern Sydney Basin and the residual domains 
to smaller-scale features including the South Bui 1i and Douglas Park 
Synclines and the Bui 1i and Kemira Anticlines. An inverse relation 
between formation structure and thickness is indicated at both scales.
This relation is strongest for the Bui 1i Coal and the Bald Hill Clay- 
stone. In the case of the Bulli Coal, the present-day structural 
trends and thickness trends show a strong inverse correlation and the 
residuals show a moderate inverse correlation; the correlation between 
the inferred Middle Triassic structure of the Bulli Coal and seam 
thickness are even stronger than those involving the present-day 
structure. These results indicate that structures which were active 
during the Permo-Triassic and which influenced sedimentation have been 
preserved in the present-day structure with little subsequent 
modification. The persistence of the patterns of structure and thick­
ness variation upward through the Permo-Triassic succession suggests 
that sedimentation was controlled by contemporaneous basement subsidence 
rather than by short-lived compaction induced subsidence patterns.
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Chapter 1 
INTRODUCTION
1.1 Objectives
The broad objectives in this thesis are to investigate (i) the 
vertical and lateral facies variations in the Permian Sydney Subgroup 
(Illawarra Coal Measures), and (ii) the relation between structure and 
sedimentation in the Permo-Triassic succession of the southern Sydney 
Basin, using quantitative methods of analysis.
A prefatory review is made of the concept of cyclic sedimentation 
and of the quantitative techniques which have been applied to cyclic 
sequences in order to derive the "ideal" cycle (Chapter 2). This review 
concludes with a discussion of Markov chain analysis, in which the aim 
is to develop a model that yields valid results despite the inevitable 
shortcomings of geological sequence data. The Markov model used to study 
the vertical variation in the Sydney Subgroup (Chapter 3) is based on a 
model developed by Doveton (1969; 1971; pers. comm., 1976), with some 
modifications by the author. Both first- and second-order, single- and 
double-dependence Markov models are employed and the entropy of the 
sequences is evaluated. It has been necessary to re-log the Sydney Sub­
group borehole sequences in detail (Appendix I), since the available 
borelog data contain many inconsistencies and insufficient sedimentol- 
ogical information to permit meaningful environmental interpretation.
The metreage logged for this purpose and for the preliminary stratigraphic 
review (section 1.3) totals 8,633 m.
The results of Markov chain analysis are used to delineate actual 
cycles in the Sydney Subgroup, with a view to exploring the lateral 
variation in the frequency and mean thickness of the cycles. The
2
relations between these variables and total section thickness are then 
investigated using polynomial regression analysis (section 3.3).
Assuming that the total thickness of the Subgroup reflects the net 
amount of subsidence that occurred during its accumulation, these 
relations indicate the influence of contemporaneous differential
subsidence on the development of the cycles.
The relation between subsidence and sediment accumulation is 
further investigated using trend-surface analysis (Chapter 4). This 
technique is applied, first, to analyse the areal variations in the 
thickness and present-day structure of successive Permo-Triassic 
formations between the bases of the Wongawilli Coal and the Hawkesbury 
Sandstone and, second, to determine quantitatively whether a relation 
exists between the formation thickness and structure at either a local 
or a regional scale, or both. The ultimate objective of this analysis 
is to understand the structural development of the southern Sydney Basin 
both during and subsequent to the accumulation of the Permo-Triassic 
succession.
1.2 Tectonic and Structural Framework
The study area is located in the southeast of the Sydney Basin 
(Fig. 1), a north-trending exogeosyncline occurring to the southwest of 
the New England Fold Belt and overlying the eastern part of the Lachlan 
Fold Belt (Fig. 2); the New England and Lachlan Fold Belts are sub­
divisions of the Tasman Geosyncline of eastern Australia. The Lachlan 
Fold Belt was progressively stabilised from west to east; the Middle 
Carboniferous Kanimblan Orogeny represents the final phase of folding. 
Sydney Basin sedimentation commenced during the late Carboniferous or 
early Permian on the eastern margin of the Lachlan Fold Belt eraton.
N
SCALE (km)
0 50 100
1 ---- 1_______ I
KEY
CZ3 Upper Triassic
□  Lower Triassic
Permian
+ Granite
____ Boundary of study
area
Figure 1: Geological map of the Sydney Basin showing the 
location of study area, modified from Packham 
(1969, Fig. 5.1).
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N
1 Sydney Basin
2 Gunnedah Basin
3 Lachlan Fold Belt
4 New England Fold Belt
5 Clarence-Moreton Basin
200 km
6 Lome Basin
7 Great Artesian Basin
8 NW Fold Belt
9 Murray Basin
Figure 2: Tectonic map of New South Wales, modified from 
Packham (1969, Fig. 1.1).
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Along the western margin of the Sydney Basin, basal Permian sediments 
overlie the older Palaeozoic rocks with angular unconformity, although 
in the north and northeast of the basin the relation is uncertain.
The New England Fold Belt abuts the northeastern margin of the Sydney 
Basin along the Hunter - Mooki Thrust Zone. After a prolonged period 
of intense volcanism in the New England geosyncline from the late 
Ordovician to the late Carboniferous, tectonism intensified throughout 
the Permian as volcanism waned. A high mountain range developed along 
the former New England island arc at about the same time as the 
emplacement of the New England Batholith; this range was a source of 
abundant and almost exclusively volcanic detritus, which was deposited 
in the northeast of the Sydney Basin, in the Gunnedah Basin, and in the 
Clarence-Moreton and Lome Basins to the northeast of the New England 
Fold Belt. As the sea contracted from the rising New England Fold 
Belt, a period of shallow-water marine sedimentation commenced in the 
Sydney Basin; sediments were derived from the rising fold belt and 
from the eratonic hinterlands to the west and south. Marine conditions 
persisted throughout the Lower Permian, apart from a short interlude of 
paralic coal measure sedimentation. Features including varved sediments, 
erratic boulders, and glendonites are widely interpreted as evidence for 
glacial conditions during the Lower Permian of the Sydney Basin; 
unequivocal evidence of Permian glaciation in southern Australia 
comprising polished and striated glacial pavement and boulder tillite at 
Hallett's Cove, South Australia, supports this interpretation. In the 
southeast of the Sydney Basin, an episode of basic volcanism occurring 
toward the end of the period of marine sedimentation provided an 
additional source of detritus. During the Upper Permian a regressive 
coal-bearing succession accumulated in the Sydney Basin in a 
predominantly freshwater environment. At the end of the Permian, 
fluviatile conditions persisted although coals did not form. Fluviatile
6
sedimentation continued throughout the Lower Triassic, culminating in 
the accumulation of widespread red beds. A formation interpreted as 
fluvial or f1uviodeltaic in origin overlies the red beds and precedes 
a thick Middle Triassic succession of quartzose sandstones, which were 
apparently deposited by braided or low sinuosity streams. The final 
record of sedimentation in the Sydney Basin is a Middle to Upper Triassic 
succession of fine-grained sediments of fluviodeltaic to shallow marine 
origin.
Sediments younger than Late Triassic age are not preserved in 
the Sydney Basin, although a Jurassic succession onlaps the Gunnedah 
Basin from the west as a result of a shift in the locus of sedimentation 
to the Great Artesian Basin later in the Mesozoic. Indirect evidence 
for continued Triassic and possibly Jurassic sedimentation in the 
Sydney Basin appears, however, in the pattern of coal rank variation in 
the southern Sydney Basin (Cook, pers. comm.); this pattern implies 
burial to greater depths than suggested by the remaining Triassic 
succession.
The Sydney Basin is a broad asymmetrical syncline of which the 
western limb is slightly steeper than the eastern. A number of small- 
scale synclines, anticlines and monoclines are superimposed on the 
basin structure (Fig. 3). The present-day basin structure has been 
attributed by some workers (e.g. Raggatt, 1938; Packham, 1969) to 
deformation during the Tertiary. However, trend-surface analysis 
studies by Cook (1969 a) and Johnson (1973,1974) indicate that the 
present-day structures are merely an intensification of active 
Permian structures.
The present study area is situated in the central portion and 
eastern limb of the "main controlling syncline" in the southern Sydney 
Basin. The syncline axis plunges northward through Camden into the
7
Figure 3: Structural map of the Sydney Basin showing axial traces
of folds, modified from Robinson and Shiels (1975, Fig. 2).
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Figure 4: Structural map of the southern Sydney Basin indicating
the axial traces of folds, modified from Wilson
(1975, Fig.3).
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centre of the Sydney Basin. A number of smaller-scale folds is super­
imposed on the syncline (Fig. 4). Using trend-surface analysis, Cook 
(1969 a) was able to isolate these local features from the regional 
syncline, although the definition is poor in some areas as a result of 
sparse control-point spacing.
1.3 Stratigraphy
The Permo-Triassic succession in the southern Sydney Basin is 
shown in Table 1. An account of the detailed stratigraphy and 
lithological characteristics of this succession follows, with emphasis 
on the Illawarra Coal Measures and Narrabeen Group.
1.3.1 Talaterang Group, Clyde Coal Measures and Shoal haven
Group
The stratigraphy of the Talaterang Group, the Clyde Coal 
Measures, and the lower part of the Shoalhaven Group is given in Table 2. 
McElroy and Rose (1952) assigned the Pigeon House Creek Si Itstone and 
Yadboro Conglomerate a position above the Clyde Coal Measures within the 
Lower Permian Shoalhaven Group. In a revision of lower Shoalhaven Group 
stratigraphy by Gostin and Herbert (1973), these two formations were 
correlated with the Upper Carboniferous Seaham Formation of the lower 
Hunter Valley. Since the formations occur principally in a basement 
depression known as the Talaterang Low, they were together termed the 
Talaterang Group. Gostin and Herbert (1973) also subdivided the former 
Conjola Formation (McElroy et a i . ,  1969) into the Wasp Head, Pebbley 
Beach and Snapper Point Formations, the type localities for which are 
indicated in Fig. 5. These authors also dramatically revised the 
stratigraphic position of the Clyde Coal Measures, which are currently 
considered to be a facies variant of the Pebbley Beach and lower Snapper
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Table 1 : Permian-Triassic succession in the southern
Sydney Basin
CJ>
1— 1
CO
Wianamatta Group Liverpool Subgroup
GO Camden Subgroup
<c
1— 1 
cc
Hawkesbury Sandstone
1— Narrabeen Group Gosford Formation
Clifton Subgroup
Illawarra Coal Measures Sydney Subgroup
(— t
Cumberland Subgroup
cd
Shoal haven Group
LU Clyde Coal Measures
Q_
Talaterang Group
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Table 2: Stratigraphy of the Talaterang Group, Clyde Coal Measures
and lower Shoalhaven Group, showing relationships with the 
Lower Hunter Valley succession (after Gostin and Herbert, 
1973),
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Table 3 : Stratigraphy of the upper Shoalhaven Group,
modified from Bowman (1974).
F o r m a t i o n M e m b e r
/  Gerringong
Budgong
volcanic
Sandstone
N  facies
Cambewarra Latite Member 
Saddleback Latite Member
Br
ou
gh
to
n 
Sa
nd
st
on
e 
Me
mb
er
Jamberoo Sandstone Member 
Bumbo Latite Member 
Kiama Sandstone Member 
Blow Hoie Latite Member 
Westley Park Sandstone Member
Berry Formation
Nowra Sandstone
Cambewarra
Mtn. ~ 20 km
Jamberoo 
__ Mtn.
Figure 6: Stratigraphic correlations in the Gerringong Volcanics, 
after Raam (1969, Fig. 5.25).
13
Point Formations.
The stratigraphy of the upper portion of the Shoal haven Group is 
shown in Table 3. The uppermost formation, the Broughton Sandstone, 
grades into the Gerringong Volcanics facies, which outcrops from 
Wollongong southward to Gerringong and inland to Cambewarra Mountain 
(Fig. 5). The Gerringong Volcanics (Fig. 6 ) comprise basic volcanics 
interleaved with sandstones derived primarily from local volcanic source 
rocks. The origin of the igneous members of the succession has long 
been disputed. Previous unpublished work by the author on the nature 
of the boundary between the Shoal haven Group and the Illawarra Coal 
Measures suggests that the Saddleback Latite Member (the uppermost unit 
of the Shoal haven Group in the Berkeley area - Fig. 5) originated as 
multiple submarine extrusions. The association of the Blow Hole Latite 
Member with coarse volcanic breccia suggests that this unit is also 
extrusive in origin.
1.3.2 Illawarra Coal Measures
Despite a history of coal exploitation in the Wollongong 
district dating back to 1857, the details of lateral facies variation in 
the Illawarra Coal Measures are imperfectly known. Approximately 800 
bores have been drilled in the southern Sydney Basin, but very few 
intersect the entire Illawarra Coal Measures since the two seams of 
main economic significance - the Bui 1i Coal and Wongawilli Coal - occur 
near the top of the group. This account of the stratigraphy and 
lithology of the Illawarra Coal Measures contains information from the 
following sources: the original borelogs for all boreholes drilled in 
the southern Sydney Basin; published reports; detailed examination and 
descriptions by the author of drill core from 15 boreholes.
The Illawarra Coal Measures, which are approximately contempor­
aneous with the Tomago and Newcastle Coal Measures in the northeast of
14
Table 4: Stratigraphy of the Illawarra Coal Measures in the 
southern Sydney Basin.
Subgroup Formation Member
Bui 1i Coal
Sydney
Eckersley
Formation
Balgownie Coal Member 
Lawrence Sandstone Member 
Cape Horn Coal Member 
Hargrave Coal Member 
Woronora Coal Member 
Novice Sandstone Member
Wongawilli Coal
Subgroup
Kembla Sandstone
Allans Creek 
Formation
American Creek Coal Member
Appin Formation Darkes Forest Sandstone Member 
Bargo Cl aystone Member
Tongarra Coal
Wilton Formation
Woonona Coal Member
Erins Vale 
Formation
Kulnura Marine Tongue
Cumberland
Subgroup
Pheasants Nest 
Formation
Figtree Coal Member 
Unanderra Coal Member 
Berkeley Latite *) Gerringong 
Member V volcanic 
Minnamurra Latite facies 
Member J
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the Sydney Basin, are subdivided into the Cumberland and Sydney Sub­
groups. The currently accepted stratigraphic breakdown by the 
Standing Committee on Coalfield Geology of New South Wales is shown in 
Table 4. The study area lies within the Southern Coalfield as defined 
by the S.C.C.G. of N.S.W. (1971) and shown in Fig. 7.
Cumberland Subgroup
The Pheasants Nest Formation is the lower of the two formations 
comprising the Cumberland Subgroup. The lower part of this formation 
consists of partly carbonaceous mudstones interbedded with sandstones 
resembling the underlying marine Budgong Sandstone, apparently 
indicating minor oscillations between freshwater and marine sedimen­
tation. In the Berkeley - Unanderra area (in the southeast of study 
area - Fig. 5), the Pheasants Nest Formation appears to be slightly 
disconformable on the Saddleback Latite Member, which is the uppermost 
unit of the Shoal haven Group in this area (Fig. 8).
The type bore section for the Pheasants Nest Formation (D.M.
Bore 35, grid reference E271 728, N1 207 730), which was logged by the 
author (Fig. 9), consists of 76 m of thin interbedded units of mudstone, 
lithic sandstone, carbonaceous cl aystone and coal. The formation occurs 
over most of the Southern Coalfield, thickening in a northeast direction 
to 122 m in D.M. Bore 53 (G.R. E284 260, N1 210 842), but lenses out in 
the southwest of the Sydney Basin, where the Sydney Subgroup directly 
overlies the Shoalhaven Group (S.C.C.G. of N.S.W., 1971). Individual 
lithological units are discontinuous laterally, although two coal 
members are defined in the Mt. Kembla area: the Unanderra Coal Member 
and, near the top of the formation, the Figtree Coal Member (originally 
called the Cordeaux Seam). The Unanderra Coal Member comprises up to 
4.8 m of shale and coal, and the Figtree Coal Member up to 0.7 m of 
coal and carbonaceous shale (S.C.C.G. of N.S.W., 1971). Bowman (1974)
16
Figure 7: Map of Southern Coalfield, showing boundaries of main study area 
and of Wedderburn study area (see section 4.4.4). Co-ordinates 
are based on International Standard Grid.
17
Figure 8: Basal section of the Pheasants Nest Formation (Illawarra 
Coal Measures) overlying the Saddleback Latite (Shoalhaven 
Group), at Berkeley.
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also formally defined two latite members in the Pheasants Nest 
Formation: the Berkeley and Minnamurra Latite Members. Bowman 
considered these latites to be submarine flows similar to those in the 
underlying Shoal haven Group, although the lack of alteration and the 
regularity of the lower contact of the Berkeley Latite Member suggest 
that this unit may be an intrusion. The upper boundary of the 
Pheasants Nest Formation is placed at the base of the lowest massive 
sandstone of the Erins Vale Formation (S.C.C.G. of N.S.W., 1971).
The Erins Vale Formation conformably overlies the Pheasants Nest 
Formation. The type bore section (D.M. Bore 35), which was logged by 
the author, is shown in Fig. 10. The basal 20 m is composed of light 
grey, very silty, medium- to coarse-grained sandstone, containing 
intraformational claystone clasts in the basal 3 m and abundant "coal 
scares" (isolated coalified plant fragments encased in sediment) 
throughout; a 0.23 m thick bed of carbonaceous claystone occurs 3.5 m 
from the top of the unit. This sandstone unit is massive to perceptibly 
cross-bedded and grades upward to 31.5 m of silty, fine- to medium­
grained, lithic sandstone; the latter unit coarsens upward and is 
intensely bioturbated (silt-lined burrows, ~ 1 cm diameter, several cm 
long) throughout; coal scares and isolated quartz pebbles also occur 
in this unit. The uppermost 2.4 m in the type section is composed of 
fine- to coarse-grained lithic sandstone with 3 layers of pebble 
conglomerate (0.1 m thick) in the top metre. The total thickness of 
the Erins Vale Formation in D.M. Bore 35, as logged, is 53.87 m (c.f. 
53.13 m, S.C.C.G. of N.S.W., 1971).
Variations in thickness and lithology within the Erins Vale 
Formation are poorly known. The formation apparently thins rapidly 
toward the western margin of the Southern Coalfield (Fig. 11). The 
maximum recorded thickness is 119 m in D.M. Bore 53. In D.M. Bore 75 
(G.R. E298 629, N1 226 333), 64 m of bioturbated, silty sandstone
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containing brachiopod fragments was intersected at the base of the 
borehole before drilling was terminated. Bunny (1972) correlated this 
unit with the Kulnura Marine Tongue, a marine facies between the 
Cumberland and Sydney Subgroups recorded in deep bores in the central 
Sydney Basin. The 31.5 m thick middle unit in the type section in D.M. 
Bore 35 may also be equivalent to the Kulnura Marine Tongue. In 
Alliance Cataract No. 1 Bore (approximate G.R. E289 100, N1 201 000), 
which was logged by the author, 69.1 m of bioturbated, silty, medium- 
to very coarse-grained sandstone occurs immediately below the Wilton 
Formation; this sandstone contains common carbonate concretions in the 
top 30.8 m and appears to be equivalent to the Kulnura Marine Tongue.
Sydney Subgroup
To the west of the colliery holdings along the coastal escarpment 
in the southwest-northeast trending belt termed the Southern Catchment 
Coal Reserve, a number of deep boreholes intersect the full thickness 
of the Sydney Subgroup. Information from these boreholes was used to 
construct the sections in Fig. 12 (in map pocket); the Bulli Coal was 
used as the horizontal datum in these sections. The southwest-northeast 
section shows the lateral variations in lithology, including an increase 
in the number of coal seams, which occur as the sequence thickens toward 
the central part of the Sydney Basin. Correlation of minor coal seams 
is uncertain in the north of the study area. The correlation chart in 
Fig. 13 (in map pocket) is based on borelogs compiled by the author; 
the detailed graphic logs for these sections are given in Appendix I.
An examination of the cyclic characteristics of these sections was 
carried out using Markov chain analysis (Chapter 3).
The basal formation of the Sydney Subgroup, the Wilton Formation, 
consists dominantly of dark grey mudstones, with subordinate laminites, 
sandstones, carbonaceous claystones and coals. Individual beds are
23
discontinuous laterally. The only named unit is the Woonona Coal 
Member which occurs at or near the base of the Wilton Formation in the 
eastern portion of the Southern Coalfield; this seam attains an 
economic thickness of 2.5 m in the Mt. Kembla area. In the northeast 
of the Southern Coalfield, the basal Wilton Formation contains 3 to 4 
seams of interbedded mudstone and coal, alternating with thick sandstone - 
mudstone interseam sequences (Fig. 12).
The type bore section for the Wilton Formation in D.M. Bore 35 
(Fig. 14) consists dominantly of medium to dark grey mudstones grading 
to laminites. The mudstones are massive to weakly laminated, with 
common diastems, small-scale soft-sediment faults, and contorted 
lamination. The laminites are characterised by ripple cross-lamination 
and bioturbation (abundant burrows to several mm in length). Minor, 
very fine- to medium-grained lithic sandstones are present. The top 
8 m fines upward from a thin bed of medium- to fine-grained sandstone, 
through siltstone, claystone, carbonaceous claystone to coal (Tongarra 
Coal). The Woonona Coal Member is not developed in the type bore 
section. The Wilton Formation is 28.7 m thick in D.M. Bore 35 and 
attains a maximum recorded thickness of 100.6 m in D.M. Bore 75 (S.C.C.G. 
of N.S.W., 1971).
The Tongarra Coal occurs throughout most of the Southern Coal­
field, but attains economic thickness and quality only in an area 
immediately southwest of the present study area. The maximum recorded 
seam thickness is 5.6 m (S.C.C.G. of N.S.W., 1971) and the maximum 
thickness worked is 2.5 m in the upper part of the seam (Wilson, 1975). 
The Tongarra Coal consists of interbedded coal and carbonaceous shale 
in variable proportions. At the type locality on the northern headland 
at Austinmer (Fig. 5), the Tongarra Coal is divided by 3 light coloured 
claystone bands which contain the carbonaceous remains of rootlets.
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Light coloured bands were also recorded in the type bore section (D.M. 
Bore 17; G.R. E263 300, Nl 202 426) 30 km west of Austinmer. An 
examination of the ash profiles and seam descriptions for D.M. Bore 17 
and several adjacent boreholes indicates that the number and thickness 
of these claystone bands is locally variable and that the thickness of 
the intervening coals also varies among the boreholes. The ash 
profiles also suggest a tendency for the ash percentage to increase 
slightly in advance of a claystone band. This inferred preference or 
memory of the claystone for a preceding lithology could be tested 
using Markov chain analysis. The implications of the existence of such 
a preference in relation to the widely accepted tuffaceous origin of 
the light coloured cl aystones are obvious.
The Appin Formation, which conformably overlies the Tongarra 
Coal, is subdivided into a lower unit, the Bargo Claystone Member, and’ 
an upper unit, the Darkes Forest Sandstone Member. These members were 
assigned formation status by Bunny (1969), although the S.C.C.G. of 
N.S.W. (1971) retained the concept of the Appin Formation, probably 
because the members lose definition in the north of the Southern Coal­
field. The Appin Formation occurs throughout the Southern Coalfield 
and appears to thicken northward in sympathy with the synclinal structure 
of the southern Sydney Basin, although the thickness distribution of 
the Darkes Forest Sandstone Member is very irregular (see isopach maps 
in Bunny, 1972, p. 18-23). The maximum recorded thickness of the Appin 
Formation is 45.7+ m in D.M. Bore 78 (G.R. E299 718, Nl 228 218). The 
dominant lithologies in the Bargo Claystone are mudstone and laminite 
and in the Darkes Forest Sandstone Member very fine- to fine-grained 
lithic sandstone.
In the type bore section (D.M. Bore 56; G.R. E283 486, Nl 213 
646) the Appin Formation is 27.1 m thick. The drill core for the type 
bore section has been discarded, but the Appin Formation in D.M. Bore 64
26
Figure 15: Appin Formation in D.M. Bore 64. Key to lithologies
as in Fig. 9
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(G.R. E290 100, NI 218 100) 8 km northeast of D.M. Bore 56 has been 
logged by.the author (Fig. 15). The formation is 35.4 m thick in D.M. 
Bore 64. The Bargo Claystone (22.3 m) consists mainly of medium to 
dark grey mudstones. The basal 0.7 m of carbonaceous claystone coarsens 
upward to parallel-laminated si Itstone' (4m), which in turn grades 
upward to laminite (3.4 m) and then fine-grained sandstone (0.3 m).
The parallel and lenticular lamination in the laminite is contorted 
along several horizons. The sandstone contains burrows 1-2 cm long and 
is separated from the overlying claystone unit (13.9 m) by a diastern. 
This claystone is medium to dark grey, with a weak lenticular 
lamination in the basal 3 m grading upward to massive claystone. A
0.5 m thick, light coloured claystone band, with sharp horizontal 
boundaries and horizontal lamination, occurs 5 m from the top of the 
Bargo Claystone Member; this band was originally logged as a tuff. The 
Bargo Claystone Member grades upward into a 3.3 m thick unit of thinly 
interbedded claystone, siltstone and very fine sandstone, which 
constitutes the basal unit of the Darkes Forest Sandstone Member.
This unit displays parallel and ripple lamination and individual beds 
are less than 10 cm thick; small burrows 1-2 cm long and carbonaceous 
plant fragments are present. The overlying unit (5.6 m thick) fines 
upward from fine- to very fine-grained lithic sandstone; the basal 1.6 m 
displays ripple and horizontal lamination, partially disrupted by 
rootlets, and the top 4 m grades upward from indistinctly laminated to 
massive very fine sandstone. A diastern separates this unit from the 
overlying fining upward unit (4.3 m thick), which consists of 0.6 m of 
medium-grained lithic sandstone (gravelly in basal portion), grading 
upward to 3.5 m of parallel- and ripple-laminated fine to very fine 
sandstone (with rootlets in basal 1.1 m) and thence to 0.2 m of 
carbonaceous claystone containing bright coal laminae. The carbonaceous 
claystone is overlain by a 0.6 m thick coal seam, the basal unit of the
28
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overlying Allans Creek Formation. The lithologies developed in D.M. 
Bore 64 appear to be representative of the Appin Formation, although, 
as a comparison of the sections in Appendix I shows, the sequence is 
locally variable indicating that individual units are laterally 
discontinuous.
The Allans Creek Formation is the name given to the extremely 
variable sequence of mudstone, sandstone, thinly interbedded fine 
elastics, carbonaceous cl aystone and coal between the Appin 
Formation and the Kembla Sandstone. The lower boundary, taken at the 
base of the first coal above the Darkes Forest Sandstone Member, is very 
difficult to determine in many bores (particularly in the northern part 
of the Southern Coalfield) since the coals are thin and sporadically 
developed. The upper limit of the formation is taken at the base of 
the Kembla Sandstone, the lower limit of which is defined as the top 
of the Allans Creek Formation (S.C.C.G. of N.S.W., 1971) - a circular 
definition! In the vicinity of Mt. Kembla, the American Creek Coal 
Member is formally recognised as the top unit of the Allans Creek 
Formation. In practice the upper boundary of the formation is placed 
at the top of the first coal-bearing, carbonaceous, or extensive non­
carbonaceous mudstone sequence below the Kembla Sandstone; the latter 
formation is widely developed in the Southern Coalfield.
The Allans Creek Formation occurs throughout the Southern Coal­
field and crops out in the Burragorang Valley in the west (S.C.C.G. of 
N.S.W., 1971). The formation thickens rapidly north of D.M. Bore 68 
(G.R. E291 861, Nl 222 503) and attains its maximum recorded thickness 
of 44.6 m in the type bore section in D.M. Bore 78 (G.R. E299 718, Nl 
228 218). The borehole sections in Appendix I and Figs. 16, 17 reveal 
the characteristic vertical and lateral lithological variability of 
the Allans Creek Formation. For example, the lower 23.8 m of the 
formation in D.M. Bore 86 (G.R. E298 675, Nl 231 272; Fig. 16) is
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dominated by fining upward sequences similar to those in the underlying 
Darkes Forest Sandstone Member except for the development of thin coals 
and/or carbonaceous claystones at the tops of the Allans Creek 
Formation fining upward sequences. The upper 18.3 m in D.M. Bore 86 
consists mainly of mudstone and coal, and is more typical of the Allans 
Creek Formation as it is developed south of D.M. Bore 68 (e.g. D.M.
Bore 45, G.R. E286 509, N1 207 096; Fig. 17).
The boundary between the Allans Creek Formation and the overlying 
Kembla Sandstone is sharp and slightly disconformable. The Kembla 
Sandstone consists of a fining upward sequence of coarse- to fine­
grained sandstones and mudstones. In some areas the basal sandstone 
unit is separated from the top coal of the underlying formation by a 
thin bed of mudstone; this bed is normally included (? inappropriately) 
in the Kembla Sandstone, as is the carbonaceous shale immediately 
underlying the Wongawilli Coal. The maximum recorded thickness of the 
Kembla Sandstone is 23.8 m in D.M. Bore 91 (approximate G.R. E299 800, 
N1 236 400). According to Bunny (1972, p. 28-29) the thickness 
distribution for the Kembla Sandstone is very irregular and reflects 
the pattern of associated stream channels. Despite these thickness 
variations, the formation apparently retains its fining upward 
character throughout the Southern Coalfield, as a comparison of the 
sections in Fig. 18 and in Appendix I indicates. The Kembla Sandstone 
in D.M. Bore 65 (G.R. E292 985, N1 217 737) is 15.9 m thick and 
resembles the idealised fining upward sequences of point bar deposits 
as described by Reineck and Singh (1975, p. 241): the basal 11.8 m is 
a fining upward sequence of cross-bedded coarse- to very fine-grained 
sandstone, containing common coal scares; the upper 4.1 m grades from 
thinly interbedded,cross-laminated,very fine sandstone and siltstone, 
through horizontally laminated siltstone, bioturbated siltstone
32
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Figure 18: Kembla Sandstone in D.M. Bores 45 and 65. Key to
lithologies as in Fig. 9
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(containing carbonaceous plant fragments), to massive claystone 
(slightly carbonaceous at the top); this claystone is overlain by the 
Wongawilli Coal.
The Wongawilli Coal conformably overlies the Kembla Sandstone. 
The upper boundary is defined, somewhat ambiguously, as "the top of the 
essentially carbonaceous sequence below the Eckersley Formation" 
(S.C.C.G. of N.S.W., 1971, p. 125); this boundary is difficult to 
delineate in practice because the lower Eckersley Formation commonly 
consists of fine-grained, partly carbonaceous elastics.
The Wongawilli Coal occurs throughout the Southern Coalfield.
The thickness is relatively constant at 9-10 m in the southwest of the 
study area, where the lower portion of the seam is of economic quality. 
The formation thickens to ~13 m in the northwest and thins to 5 m in 
the northeast of the study area. The main lithologies are coal, 
carbonaceous shale, medium to dark grey shale, and light coloured clay- 
stones commonly referred to as "tuffs". Loughnan (1971) compared the 
composition and petrographic characteristics of these "tuffs" with 
those of thicker claystone beds overlying the Wongawilli Coal along 
the southwestern margin of the Sydney Basin. The bands in the Wonga- 
willi Coal consist of fine-grained, kaolinitie clasts in a matrix of 
microcrystalline kaolinite containing traces of organic matter. The 
bands commonly contain 5-15? quartz in the form of angular silt- to 
fine sand-sized grains. The claystones in the southwest of the basin 
are lenticular bodies, may exceed a metre in thickness and are coarser- 
grained than the bands, containing oolites, pisolites and clasts of 
kaolinite to 2.5 mm diameter; quartz is a common accessory mineral. 
Loughnan attributed the origin of these claystones to normal fluvial 
processes, involving reworking and redistribution of fine colloidal 
kaolinite precipitates which had accumulated on floodplains upstream
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of the peat swamps. The episodes of reworking and deposition were 
possibly the result of flooding or slight rejuvenation of streams 
induced by differential subsidence related to compaction of the peat.
The Eckersley Formation conformably overlies the Wongawilli Coal; 
for the reasons discussed above, the boundary between the two 
formations is necessarily arbitrary and subjective. The thickness of 
the Eckersley Formation varies greatly, from less than 20 m in the 
southwest of the study area, to more than 100 m in the northeast.
Although variable in lithology, the formation persists over the entire 
Southern Coalfield, attaining a maximum thickness of 122 m in the type 
bore section (D.M. Bore 78). Six members have been formally defined in 
the Eckersley Formation (Table 4): the Novice Sandstone, Woronora Coal, 
Hargrave Coal, Cape Horn Coal, Lawrence Sandstone and Balgownie Coal 
Members.
The occurrence of the Novice Sandstone Member and the overlying 
Woronora Coal Member is restricted to the northeast portion of the 
Southern Coalfield (Fig. 12); neither member has been observed to out­
crop. In the bores examined by the author, the Novice Sandstone Member 
consists of one or several fining upward units of sandstone and shale.
The unit fines upward overall and grades into the Woronora Coal Member, 
a lithologically variable member composed of coal, carbonaceous shale, 
medium to dark grey shale, and light coloured cl aystones (similar to 
those associated with the Wongawilli Coal). The upper boundary of the 
Woronora Coal Member is conformable and in practice difficult to 
delineate. The maximum recorded thickness of the Novice Sandstone Member 
is 37.6 m in the type bore section D.M. Bore 78, and that of the 
Woronora Coal Member is 11.9 m in D.M. Bore 64 (comprising 0.8 m coal,
6.6 m carbonaceous shale, 3.7 m medium to dark grey shale, and 0.6 m 
light coloured claystone).
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The Hargrave Coal Member, consisting of coal and carbonaceous 
shale, was defined in the northeast of the Southern Coalfield. In the 
type bore section (A.I.S. Metropolitan Bore No. 10; G.R. E295 876, N1 
215 520) the seam is 0.1 m thick, increasing to a maximum recorded 
thickness of 0.5 m in the type outcrop section (approximate G.R. E296 
500, N1 206 300). The Hargrave Coal Member most commonly occurs less 
than 4.5 m above the Wongawilli Coal (S.C.C.G. of N.S.W., 1971), 
within an interval of shale (partly carbonaceous), sandstone and coal 
between the Wongawilli Coal and the Cape Horn Coal Member; because of 
the difficulties in correlating coals in this interval, the distribution 
of the Hargrave Coal Member is uncertain.
The Cape Horn Coal Member occurs 6-12 m below the Balgownie Coal 
Member, from which it is separated by a fining upward unit of sandstone 
and mudstone (the Lawrence Sandstone Member). Although the main 
development of the Cape Horn Coal Member is in the northeast of the 
Southern Coalfield, a possible correlative occurs over much of the 
present study area (Fig. 12). The main lithologies comprising this coal 
member are coal, carbonaceous shale and medium to dark grey shale, and 
the thickness in the type bore section (A.I.S. Metropolitan Bore No. 10) 
is 0.8 m.
The Lawrence Sandstone Member disconformably overlies the Cape 
Horn Coal Member where present or, in its absence, overlies the 
dominantly shaly sequence above the Wongawilli Coal. Occurring over 
most of the present study area, this member is 10.3 m thick in the type 
bore section (A.I.S. Metropolitan Bore No. 10) and attains a maximum 
recorded thickness of 13.9 m in A.I.S. Wongawilli Bore No. 2 
(approximate G.R. E278 780, N1 187 190). In D.M. Bore 65, 3.5 km 
northwest of the type bore section, the Lawrence Sandstone Member 
consists of a 9.9 m thick fining upward sequence of medium- to very
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fine-grained sandstone (8.0 m) overlain by si 1tstone-claystone (1.9 m); 
the upper half of the si 1tstone-claystone unit contains coalified 
root!ets.
The Balgownie Coal Member conformably overlies the Lawrence 
Sandstone Member. The seam consists of coal and minor amounts of 
carbonaceous shale and is developed throughout the study area. In the 
type bore section (D.M. Bore 61; G.R. E290 734, N1 215 420) the seam 
thickness is 1.2 m; the maximum recorded thickness is 2.2 m in D.M.
Bore 45 (S.C.C.G. of N.S.W., 1971). Despite a favourable ash yield of 
15% (as finely disseminated mineral matter) and a tendency to produce 
a medium strength coke, the Balgownie Coal Member is rarely thick 
enough to be economically viable independent of a minable Bui1i Coal.
The Balgownie Coal Member is generally disconformably overlain 
by a fining upward unit of sandstone and mudstone similar in lithology 
to the Lawrence Sandstone Member and no less distinctive as a mappable 
unit. Although not formally defined as a member of the Eckersley 
Formation, this unit retains its lithological character over a wide 
area (Fig. 12) and appears to warrant member status. The unit thickens 
from less than 6 m in the southwest of the study area to more than 20 m 
in the northeast, and fines upward to the Bui 1i Coal.
The Bui 1i Coal, consisting of coal and minor carbonaceous shale, 
conformably overlies the Eckersley Formation. The formation thickens 
from less than 0.5 m in the southwest of the study area to more than 
3 m in the north, and then thins to less than 1.5 m in the extreme 
northeast of the area. A trend-surface analysis study by Cook (1969 a) 
showed that the thickness distribution of the Bui 1i Coal is inversely 
related to the present-day structure of the seam on both a regional 
and a local scale. In the southwest of the Sydney Basin, the upper 
portion of the coal measures including the Bui 1 i Coal has been removed
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by contemporaneous erosion (probably during the Lower to Middle 
Triassic) and in some areas the Hawkesbury Sandstone directly overlies 
the Wongawilli Coal,
The areal variations in the type and rank of the Bui 1i Coal and 
the effects of these variations on coke strength were investigated by 
Cook and Wilson (1969). The vitrinite content is rather low for a 
coking coal, ranging from less than 35% to more than 50%; the coke 
strength varies accordingly from weak to strong. The exinite content 
of the coal is negligible in the Southern Coalfield, although in the 
Southwestern Coalfield some plies contain more than 10% exinite, 
mainly sporinite. A "considerable amount" of the inertinite was 
observed to be of relatively low reflectance ( >2.2%). The rank of the 
Bui 1 i Coal in terms of the mean maximum reflectance of vitrinite varies 
from 1.2% in the southern portion of the (present) study area to 
greater than 1.4% in the north. The average ash yield of the working 
section is 11%; the mineral matter, dominantly clay, with minor amounts 
of detrital quartz, chalcedony, si derite, and apatite, occurs chiefly 
disseminated throughout the coal.
The Bui 1i Coal, formally defined as the uppermost unit of the 
Illawarra Coal Measures, is commonly overlain disconformably by sand­
stones assigned to the Coal Cliff Sandstone, the basal formation of the 
Narrabeen Group (Fig. 19, in map pocket). In some areas, however, the 
Bui 1 i Coal is conformably overlain by a thin carbonaceous sequence 
which appears to have closer lithological affinities with the coal 
measures than with the Narrabeen Group. In some bores this carbonaceous 
sequence is disconformably overlain by sandstone; elsewhere the 
sequence is transitional between the Bulli Coal and light grey shales 
referrable to the Narrabeen Group. Moreover, in the extreme northeast 
of the study area (e.g. D.M. Bore 77; approximate G.R. E296 300, N1 
229 100), the Bui 1 i Coal is overlain by a thin fining upward sequence
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comprising sandstone, shale and coal; no direct evidence of seam 
splitting is discernible since the minor coal seam does not outcrop.
As the formal 1ithostratigraphic nomenclature presently stands, the 
carbonaceous sequence including the coal seam above the Bui 1i Coal must 
be included in the Narrabeen Group. These 1ithostratigraphic relation­
ships are illustrated schematically in Fig. 20.
In their assessment of the position of the Permian-Triassic 
boundary in Australia, Balme and Helby (1973) assumed that the Permian 
Giossopteris-FI ora and its microfloral analogue, the Duihuntyispora- 
Assemblage, were replaced spectacularly by the Triassic Dicroidium- 
Flora and corresponding pteruchipolienites-Assemblage. On this basis 
the Permian-Triassic boundary coincides with the top of the uppermost 
coal seam in the Permian coal measure sequence of the Bowen Basin. In 
the southern Sydney Basin, however, elements of the Duihuntyispora -  
Assemblage occur in the lower 45-60 m of the Narrabeen Group within a 
distinctive assemblage unknown elsewhere in Australia and considered to 
be uppermost Permian in age. Balme and Helby (1973) equated this 
assemblage with Unit Trla of Evans (1966), the base of which coincides 
with a marked lithological change and in places a disconformity; no 
mention was made, however, of the biostratigraphic affiliation of the 
carbonaceous sequence above the Bui 1i Coal. According to Balme and 
Helby (1973) the Permian-Triassic boundary, taken as the base of 
Evans' Unit Trlb, does not coincide with 1ithostratigraphic boundaries 
in the southern Sydney Basin.
1.3.3 Narrabeen Group
The stratigraphic breakdown of the Narrabeen Group is 
given in Table 5 and sections showing the pronounced lateral variation 
in lithology are given in Fig. 19 (in map pocket). A detailed graphic 
log for D.M. Bore 64, located 10 km northwest of the coastal type
I
Figure 20: Schematic representation of 1ithostratigraphic relationships above the 
Bui 1i Coal.
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Table 5: Stratigraphy of the Narrabeen Group in the southern 
Sydney Basin.
Subgroup Formation Member
Cli fton 
Subgroup
Gosford Formation
Bald Hill Claystone
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Bui go Sandstone
Stanwell Park Claystone
Scarborough Sandstone
Wombarra Claystone Otford Sandstone 
Member
Coal Cliff Sandstone
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section for the Narrabeen Group, is given in Appendix II.
The Coal Cliff Sandstone is the basal formation in the 
Narrabeen Group. The 1ithostratigraphic and biostratigraphic 
relations of this formation with the underlying Illawarra Coal 
Measures have been discussed previously. The dominant lithologies 
are coarse- to very fine-grained sandstone with thin pebble layers 
and mudstone beds. A mudstone unit up to several metres thick is 
commonly developed at the base of the unit (Fig. 19 and Appendix II).
The upper boundary is somewhat arbitrarily defined as the base of the 
first major massive mudstone unit above the sandstone. In the south, 
southwest and west of the study area, where the overlying Wombarra 
Claystone is not developed, the Coal Cliff Sandstone cannot be 
distinguished. The isopach map in Fig. 21 shows an irregular thickness 
distribution for the Coal Cliff Sandstone; throughout most of the 
area the formation is less than 20 m thick and there is an overall 
increase in thickness northward.
The Wombarra Claystone conformably overlies the Coal Cliff 
Sandstone and, on the basis of interbedding between the characteristic 
lithologies in some areas, the two formations may be in part lateral 
equivalents. The dominant lithology in the Wombarra Claystone is 
light grey to green, massive mudstone, with minor coarse- to very 
fine-grained sandstone and intraformational conglomerates (composed of 
claystone clasts in a very fine sandstone to siltstone matrix). 
According to Fig. 22, the Wombarra Claystone exceeds 20 m in thickness 
in the most remote areas of its development, indicating that it does 
not simply lens out but rather grades laterally into a sandstone facies. 
This is borne out by the sections in Fig. 19 which show an increase in 
the proportion of interbedded sandstone away from the type area (i.e. 
from the coast in the northeast of the study area). The Otford Sand­
stone Member is formally recognised near the top of the Wombarra
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Figure 21: Isopach map of the Coal Cliff Sandstone. Contours
are in metres.
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Figure 22: Isopach map of the Wombarra Claystone. Contours
are in metres.
Figure 23: Isopach map of the Scarborough Sandstone.
Contours are in metres.
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Claystone in the northeast of the study area; according to McElroy 
(1969) the Otford Sandstone Member has an irregular thickness 
distribution averaging 6 m and occurs approximately 6 m  below the top 
of the formation.
The Scarborough Sandstone overlies the Wombarra Claystone with 
apparent conformity and consists of very coarse- to fine-grained 
sandstone, fine (granule and pebble) conglomerate and rare thin silt- 
stone beds. The irregular thickness distribution of the Scarborough 
Sandstone (Fig. 23) is undoubtedly partly a result of the difficulty 
in defining the boundary with the overlying Stanwell Park Claystone: 
the latter formation, consisting of interbedded sandstone and mudstone, 
is characterised by similar trends in facies variation to those of the 
Wombarra Claystone. As in the case of the boundary between the Coal 
Cliff Sandstone and the Wombarra Claystone, the Scarborough Sandstone 
- Stanwell Park Claystone boundary is almost certainly diachronous.
The Stanwell Park Claystone consists of interbedded mudstones 
(dominantly light grey to green claystone, with minor light grey silt- 
stone and red claystone) and very coarse- to fine-grained sandstone 
with abundant pebble layers, and minor thin beds of fine (pebble and 
granule) conglomerate. As shown in Appendix II, the basal claystone of 
the Stanwell Park Claystone in D.M. Bore 64 has a gradational boundary 
with the Scarborough Sandstone. The Stanwell Park Claystone consists 
of five fining upward units in this section; the top claystone in each 
unit is truncated by the basal sandstone of the overlying unit. The 
ratio of sandstone to claystone increases away from the coastal type 
area (Fig. 19) and the formation appears to thin westward (Fig. 24) as 
it loses definition as a result of the decrease in claystone content. 
The boundary between the Stanwell Park Claystone and the overlying 
Bui go Sandstone is arbitrarily defined as the top of the uppermost
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Figure 24: Isopach map of the Stanweli Park Claystone.
Contours are in metres.
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major cl ays tone bed. Away from the type area, the cl ays tone beds 
become thinner and the boundary is difficult to resolve since the 
Bui go Sandstone also contains numerous thin beds of mudstone.
The Bulgo Sandstone conformably overlies and is, in part, 
laterally equivalent to the Stanwell Park Claystone. This formation 
consists of coarse- to very fine-grained sandstone with common thin 
beds of light grey si Itstone and claystone. In the 9 borehole 
sections of the Narrabeen Group logged by the author, an overall 
fining upward trend was noted in the Bulgo Sandstone: medium- and 
coarse-grained sandstones predominate in the lower part of the 
formation and fine-grained sandstones in the upper part. The bed 
thickness and the ratio of mudstone to sandstone are also lower for 
the Bulgo Sandstone than for the combined underlying Narrabeen Group 
formations (Appendix II); the measured percentage of mudstone (clay­
stone and siltstone) in D.M. Bore 64 is 13 % for the Bulgo 
Sandstone compared with 4-7% for the lower Narrabeen Group. The 
thickness distribution for the Bulgo Sandstone (Fig. 25) is more 
regular than for the underlying formations. Within the area where the 
formation boundaries can be resolved, the Bulgo Sandstone thickens 
from less than 100 m in the south to more than 225 m in the north of 
the study area, in sympathy with the synclinal structure of the 
southern Sydney Basin. The upper boundary of the Bulgo Sandstone can 
be delineated relatively easily at the abrupt transition to the red 
claystones of the Bald Hill Claystone.
The Bald Hill Claystone overlies the Bulgo Sandstone with 
apparent conformity. The lithology is very distinctive, comprising 
red, grey and mottled claystone and siltstones; grey-brown lithic 
siltstones, sandstones and granule to pebble conglomerates; and 
claystone breccias. The mineralogy is also distinctive, with
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Figure 25: Isopach map of the Bui go Sandstone. Contours are
in metres.
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Figure 26: Isopach map of the Bald Hill Claystone. Contours
are in metres.
50
Figure 27: Isopach map of the Gosford Formation. Contours
are in metres.
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kaolinite and haematite the major components and subsidiary quartz and 
si derite. Loughnan (1969) described a marker bed of grey indurated 
claystone up to 3 m thick occurring at the top of the Bald Hill Clay- 
stone; this bed has been subsequently referred to as the Garie Member 
of the Bald Hill Claystone formation (Bunny, 1972) and the Garie 
Formation of the Gosford Subgroup (Bowman, 1974). The "Garie marker 
bed" is a persistent unit throughout the Southern Coalfield and also 
outcrops along the coast north of Sydney. In a detailed study of the 
Bald Hill Claystone, the Garie marker bed and the Newport Formation in 
the coastal exposures north of Sydney, Retallack (1976,1977) documented 
copious evidence of palaeosol occurrences. He concluded that the Bald 
Hill Claystone consists dominantly of in situ and re-sorted material 
derived from grey-brown podzolic soils formed on well-drained sites; 
the Garie marker bed was derived from humic gley soils considered to 
be the lowland equivalent of the podzols and produced by slow drowning 
of the "Narrabeen lagoonal complex". The fine-grained sediments of the 
Newport Formation were deposited subsequently as the "Gosford Delta" 
encroached from the west and north. Although the formation status of 
the Garie marker bed may be acceptable^ on the basis of its distinct­
iveness and "mappability", it may be more appropriate to include it in 
the Clifton Subgroup on the basis of its lithological affinity 
with the Bald Hill Claystone. Because of the probable large relative 
errors in the thickness data, the Garie marker bed was not contoured 
separately; contouring and subsequent trend-surface analysis of the 
Bald Hill Claystone incorporate this marker bed. The isopach map in 
Fig. 26 shows an increase in the thickness of the Bald Hill Claystone 
from less than 15 m in the south of the study area to more than 45 m 
in the north, in sympathy with the regional basin structure.
The Gosford Formation, also termed the Newport Formation of the 
Gosford Subgroup by Helby (1969), conformably overlies the Garie marker
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bed. The main rock types are dark grey siltstone and claystone, 
medium- to fine-grained lithic to lithic-quartzose sandstone, laminite, 
thinly interbedded fine elastics, and carbonaceous claystone. The 
proportion of sandstone is variable, ranging from less than 25% near 
the coast to more than 80% in the west of the study area (Bowman, 1974). 
The Gosford Formation grades by interbedding into the overlying 
Hawkesbury Sandstone and the boundary is arbitrarily defined as the 
base of the lowermost sandstone of Hawkesbury Sandstone lithology; 
this definition is commonly difficult to apply because of the overlap 
in composition and grainsize between sandstones of the Hawkesbury 
Sandstone and the upper Gosford Formation. As shown in Fig. 27, the 
Gosford Formation thickens irregularly from less than 5 m in the south 
of the study area to more than 20 m in the north.
1.3.4 Hawkesbury Sandstone
The Hawkesbury Sandstone is exposed over most of the 
study area, forming a resistant capping to the deeply dissected plateau 
to the west of the narrow coastal plain. The formation comprises a 
thick undifferentiated succession of quartzose sandstones overlying 
the Narrabeen Group. The base of the Hawkesbury Sandstone is generally 
disconformable;where the lower boundary is gradational by interbedding, 
the bases of individual beds are commonly erosional. The present 
remaining thickness of the Hawkesbury Sandstone in the study area 
ranges from less than 30 m in the south to more than 200 m in the north. 
The main lithologies are cross-bedded, poorly sorted, pebbly medium- 
to very coarse-grained sandstones,in which the foresets are strongly 
defined by alternations in grainsize; massive and cross-bedded, 
moderately well sorted, fine- to medium-grained sandstones; minor 
occurrences of graded sandstones, comprising pebbly very coarse-grained 
sandstone (containing coal scares) at the base and fining upward to
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fine-grained sandstone; and dark grey mudstone (comprising less than 
5% of the total formation volume).
Cross-bedding is a striking feature of the Hawkesbury Sandstone. 
Conolly (1965) described the style of cross-bedding as large-scale 
trough cross-bedding, equivalent to the pi type of Allen (1963); the 
cross-sets, up to 4.5 m thick, are usually grouped in cosets; the 
lower bounding surfaces of individual cross-sets are trough-shaped, 
discordant and plunging; foresets are curved, with unimodal inclinations 
trough widths range up to 100 m. Individual beds of both sandstone 
and si Itstone are restricted in areal extent and no members have been 
formally defined in the Hawkesbury Sandstone. The occurrence of fish, 
insect and land plant fossils (mostly restricted to the mudstone 
lenses) and the absence of marine fossils are indicative of a 
terrestrial environment of deposition for the Hawkesbury Sandstone and 
militate against the tidal barrier bar model proposed by Conolly 
(1969). Despite the objections of Ashley and Duncan (1977), the low- 
sinuosity stream model of Conaghan and Jones (1975) appears to meet 
the requirements of the sedimentological observations more closely than 
the tidal barrier bar model, although their data base is also minimal.
1.3.5 Wianamatta Group ;
Remnants of the Wianamatta Group crop out in the north­
west portion of the study area. The stratigraphic breakdown and 
lithological characteristics of the Group are summarised in Table 6 .
The "average" formation thickness (after Lovering and McElroy, 1969) 
are also indicated in Table 6 . The maximum thickness of the 
Wianamatta Group is approximately 274 m (Herbert, 1970). The basal 
formation, the Mittagong Formation, has a sporadic distribution and 
consists of alternating fine-grained quartzose sandstones (similar to 
the Hawkesbury Sandstone) and black shales. The dominant lithologies
Table 6 : Stratigraphy and lithological characteristics of the Wianamatta Group.
Sub­
group
Formation Lithology Average
Thickness (m)
after Herbert (197Q) after Lovering and McElroy (1969)
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Prudhoe Shale Prudhoe Shale Shales with numerous lithic sandstone 
lenses becoming prominent toward the top.
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Picton Formation Picton Formation Very variable in lithology and thickness. 
Alternating lithic sandstones and shales.
30
Razorback Sandstone Razorback Sandstone Lithic sandstone with common shale 
1enses and partings.
21
Annan Shale Annan Shale Dark green and black shales with plant 
remains & iron oxide nodules. Common 
sandstone lenses.
12
Potts Hill Sandstone Potts Hill Sandstone Lithic sandstone ± shale lenses. 12
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Bringelly 
Shale
Ashfield Shale
Bringelly Shale Dark green and black shales; abundant plant 
fragments and iron oxide nodules; common 
sandstone lenses and bands.
60
Minchinberry Sand­
stone
Calcareous lithic sandstone with black 
shale lenses and siderite nodules.
6
Ashfield Shale Black mudstones & silty shales with common 
bands of sidentic mudstone.
60
Mittagong Formation Mittagong Formation Alternating bands of black shale & fine 
quartzose sandstone.
0-15
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in the succeeding formations are grey to black shales with thin beds 
of lithic sandstone. Herbert (1970) recognised three sandstone facies: 
"fluvial", "tidal channel", and "carbonate" facies. According to 
Herbert, the distribution of these facies indicates deltaic encroach­
ment from the north-northwest into a shallow marine environment in 
which clays and silts were accumulating.
The basal 30 m of the Wianamatta Group contains a fauna 
comprising insects, amphibians and fish. Plant fragments and micro­
fossils indicative of a Late Triassic age occur in all formations 
(Lovering and McElroy, 1969). A brackish/marine assemblage of algae, 
ostracods and foraminifers was recorded in the Minchinbury Sandstone 
by Lovering (1954) and acritarchs have been noted to occur "inter­
mittently" throughout the Wianamatta Group (Lovering and McElroy, 1969)
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Chapter 2
CONCEPTUAL AND MATHEMATICAL MODELS 
RELATING TO CYCLIC SEDIMENTATION
2.1 Introduction: scope of cyclic sedimentation
The study of cyclic sedimentation, according to Westoll (1968, 
p. 7 4), embraces "the recognition, the interpretation, and as far as 
possible, the underlying processes and mechanisms, of particular 
sedimentary sequences showing periodicity". Westoll's conception of 
cyclic sequences is, however, far narrower than this definition 
suggests and is, in fact, limited to sequences resembling the Pennsyl­
vanian cyclic succession in Illinois. His main criterion for recog­
nising cyclic sequences appears to be the presence of alternating 
emergent and marine phases. The best development of cyclicity is, 
therefore, to be expected in paralic sequences.
As suggested by the scope of the 1964 Kansas Symposium on 
Cyclic Sedimentation, Westoll's definition of cyclic sedimentation is 
not universally accepted. Duff, Hall am and Walton (1967) also 
acknowledge the existence of cyclicity (albeit variable in scale, 
nature and mechanism of formation) in a wide variety of environments. 
Furthermore, as Westoll himself points out, typical rhythmic sequences 
resembling the Illinois type are likely to pass laterally into pre­
dominantly marine or freshwater facies, which still show presumably 
synchronous rhythms of a different character, and very long cyclic 
sequences commonly exhibit secular variation in facies type. While 
advocating that the definition of a "rhythm" or "cyclothem" (which 
Westoll uses interchangeably) be extended to incorporate broad lateral 
changes, Westoll concedes the difficulty of applying his restricted
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definition to different portions of long stratigraphic sequences. As 
the following brief discussion indicates, the common preference for 
limiting the definition of "cyclic sedimentation" to sequences of the 
classical Illinois-type, appears to be due partly to historical factors 
and partly to the conviction that the Illinois-type cyclic sequences 
differ importantly in mode of origin from all other so-called cyclic 
sequences.
The concept of cyclic sedimentation was formalised by Weller 
(1930) in his paper entitled "Cyclic sedimentation of the Pennsylvanian 
period and its significance". According to Weller, the Pennsylvanian 
strata of western Illinois exhibit a cyclic repetition of sandstone and 
sandy shales (above an unconformity), overlain by underclay capped by 
coal, followed by marine limestone and shales. Weller proposed that 
each cyclic repetition of beds be considered a formation of the 
Pennsylvanian System. Although coals had been used previously as a 
basis for subdivision of the Pennsylvanian System, Weller considered 
that unconformities were more natural boundaries than coals since, 
according to accepted practice in stratigraphy, subdivisions of 
geologic time are separated by periods of crustal instability. The 
regional significance of the basal unconformities, as well as the 
formation status of the cyclic repetition of strata, was, however, 
subsequently questioned. In 1932, Wanless and Weller introduced the 
term "cyclothem" to designate a series of beds deposited during a 
single sedimentary cycle of the type that prevailed during the 
Pennsylvanian Period. As Weller (1964) remarks, the term cyclothem 
obviously filled a need, because it was readily adopted. These 
publications greatly stimulated interest and further research into
cyclic sedimentation in North America.
The extent of interchange of ideas on cyclic sedimentation
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between North America and Western Europe at this time is not apparent 
from the literature. There seems to have been a parallel, although 
independent, development of the concept in relation to the coal-bearing 
strata of northern England and the Scottish Midland Valley to that 
occurring in North America. Hudson (1924, 1933) and Brough (1928) 
proposed cyclic models for the Upper Viséan-Lower Namurian sequences of 
Yorkshire and northern Northumberland, almost a century after Phillips' 
(1836) important, although apparently unheeded, contribution to the 
understanding of the nature and variability of cyclic sedimentation in 
the Yoredale Series of Wensleydale. Hudson (1924) placed limestone at 
the top of the cycle, but other British workers differed significantly 
from the American approach by placing limestone or marine shale at the 
base of each repetitive unit in recognition of the importance of the 
change from an emergent (coal swamp) to a marine environment. Thus, in 
Britain as in North America, the early developments in the study of 
cyclic sedimentation were closely associated with essentially paralic 
Carboniferous limestone- and coal-bearing sequences showing striking 
Illinois-type (or Yoredale-type) cyclicity.
The voluminous early literature on cyclic sedimentation contains 
an abundance of imaginative theories concerning the origin of cyclicity. 
These early theories relied on mechanisms which can be broadly 
classified as diastrophic and/or climatic, although Phillips (1836) and 
Robertson (1948), who proposed sedimentational mechanisms, are 
important exceptions. Many workers in North America consider that 
sedimentational mechanisms (for example, repeated deltaic incursions 
into a shallow epicontinental sea) are inadequate to explain the 
apparently widespread nature of individual cyclothems and that it is 
necessary to invoke a degree of diastrophic control to account for 
their formation, a view shared by Westoll (1968). Westoll deprecates 
any extension of meaning of the term "cyclothem" to include repetitive
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sequences differing in mode of origin from the Illinois-type cyclothem. 
Accordingly, he regards the repetitive deposits of broad alluvial plains 
and meander belts to be not truly cyclothemic, since they may be ex­
plained adequately in terms of "normal energy-distribution among the 
fluviatile processes involved in channel movement" (p. 91). if the term 
"cyclothem" is applied indiscriminately to repetitive sequences 
differing in magnitude, character and mode of origin from the Illinois­
type, then "a cyclothemic sequence is thus doomed to vague descriptive 
value" (Westoll, 1968, p. 90).
The terminology relating to cyclic sedimentation was reviewed by 
Duff and Walton (1962) and Duff et ai. (1967) and, in the opinion of 
these authors, the terms "cycle", "rhythm" and "cyclothem" are 
synonymous. Although the term "cyclothem" has been applied freely to 
cyclic sequences bearing no relation to the Illinois-type cyclothems 
(e.g. Beerbower, 1964; Allen, 1970, 1974), strong connotations of 
Illinois- and Yoredale-type characteristics nevertheless persist and 
an historical case may be made for restricting the meaning of the term. 
The acceptance of Westoll's terminological argument does not imply, 
however, that the scope of the concept of cyclic sedimentation should 
be correspondingly limited. The narrower view of the subject is based 
principally upon unsubstantiated hypothesis, viz: cyclothems (sensu 
stricto), having wide regional significance, require a correspondingly 
large-scale diastrophic mechanism to account for their formation, in 
contrast with other types of repetitive sequences which may be 
adequately explained in terms of smaller-scale sedimentational 
mechanisms.
As the myth of the lateral persistence of cyclothems has been 
eroded, considerable uncertainty has been expressed in Britain and 
Europe about the validity of the diastrophic control hypothesis.
Detailed facies studies of a variety of British cyclic sequences
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indicated that the vertical and lateral variability of Carboniferous 
cyclothems is comparable with the nature of cyclicity in modern deltas 
such as those of the Mississippi (Moore, 1958, 1959; Goodlet, 1959), 
and the Ganges (Elliott, 1968, 1969). Furthermore, the statistical 
approaches of Duff and Walton (1964), Read and Dean (1967, 1968) and 
Casshyap (1975), produced evidence that cyclothem generation is broadly 
related to the contemporaneous subsidence patterns within the depo­
sitional area; the authors concluded that autocyclic processes 
(specifically, repeated deltaic cycles in a differentially subsiding 
depositional area) rather than a large-scale diastrophic mechanism, 
controlled the development of cyclicity.
Similarly, in the United States recent studies have indicated 
the inadequacies of a theory involving repeated changes in sea level 
caused by broad-scale diastrophism to explain the observed spatial 
distributions of sediment types and organism communities. According to 
the earlier "phase" approach, of which Moore (1936) and Elias (1937) 
were the original proponents, these variables are directly controlled 
by water depth and distance from shore. The three-dimensional 
relationships between sediment and organism community types were 
explained in terms of depth-distance zones which migrated in response 
to changing positions of the strand line as the depositional area was 
subjected to repeated transgressions. More recent studies by Harbaugh 
(1964), Imbrie et ai. (1964) and Laporte and Imbrie (1964) point to 
the shortcomings of the phase approach in explaining detailed facies 
relationships within individual cyclothem members. Using the concept 
of the "bank" model, which involves slow subsidence of a broad shallow 
platform as opposed to rapid subsidence along a basin margin (as in 
the phase model), these authors showed that some facies relationships 
are more effectively explained in terms of local hydrographic factors
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rather than widespread fluctuations in sea level.
In view of the equivocal status of the diastrophic control 
hypothesis, the narrow approach to cyclic sedimentation espoused by 
Westoll (1968) and others, is open to the criticism that it is ill- 
founded and unnecessarily restrictive and subjective. A more acceptable 
approach involves subjecting particular sedimentary sequences, 
irrespective of their inferred mode of origin, to objective tests for 
cyclicity.
2.2 Early methodology for assessing cyclic sedimentation
The method by which early students of cyclic sedimentation 
derived a cycle which could be considered as representative of an 
entire succession may be described as subjective estimation. The 
procedure entailed noting the position of each rock-type relative to 
other rock-types in the sequence. The cycle thus defined was referred 
to inter alia  as the "ideal", "normal", "standard", "complete", 
"typical", "full", or "theoretical" cycle. Common exceptions to the 
ideal cycle were specified separately. These included thickness 
variations; the rudimentary or sporadic development of certain members; 
and the dependence of one member upon the prior occurrence of another 
member. For example, having defined the "typical Pennsylvanian 
formation" (later termed a "cyclothem"), Weller (1930) pointed out 
that the succession may be incomplete locally, that some members may 
be poorly developed or even absent. However, such members tended to 
appear at their "proper position" elsewhere. Weller wrote (p. 103):
"These irregularities in the formations are commonly 
confusing, but when the essential principle that the 
strata occur in a definite order, which is repeated 
many times, is once understood, almost any Pennsyl­
vanian section may be readily subdivided into its
10. Shale, grey, sandy at top; contains marine
fossils and ironstone concretions, especially 
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9. Limestone; contains marine fossils.
8. Shale, black, hard, fissile; contains large
black spheroidal concretions and marine fossils.
7. Limestone; contains marine fossils.
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6. Shale, grey; pyritic nodules and ironstone 
concretions common at base; plant fossils 
locally common at base; marine fossils rare.
5. Coal; locally contains clay or shale partings.
4. Underclay, mostly medium to light grey at top; 
upper part non-caIcareous, lower part calcareous.
3. Limestone, argillaceous; occurs in nodules or 
discontinuous beds; usually non-fossiIiferous.
2. Shale, grey, sandy.
I. Sandstone, fine-grained, micaceous; and
siltstone, argillaceous; variable from massive 
to thin-bedded; usually with an uneven lower 
surface.
Figure 28: Idealised Illinois cyclothem, after Weller (1942).
I: lower, dominantly non-marine hemicyclothem;
II: upper, dominantly marine hemicyclothem.
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component formations."
The currently accepted ideal Pennsylvanian cyclothem for the 
Illinois Basin is given in Fig. 28. Weller (1942) defined three 
variants of this ideal cyclothem on the basis of the suppressed 
development of certain members and the exaggerated development of 
others. These were termed Macoupin, LaSalle and Bogota type cyclo- 
thems (Fig. 29). Despite the geographical, stratigraphical and environ 
mental disparities between the cyclic successions of the Illinois Basin 
and the Midcontinent Basins, repeated attempts have been made to 
relate the development of the ideal Illinois cyclothem to that of the 
Kansas megacyclothem, as defined by Moore (1936). It was postulated 
by Weller (1958), for example, that a Kansas megacyclothem may 
correspond to a cycle of Illinois cyclothems consisting of one Macoupin 
overlain by one LaSalle, followed by two or three Bogota type cyclo­
thems (Fig. 30).
The occasional absence of individual members from their expected 
positions in a cycle, giving rise to these variants, did not challenge 
the validity of the ideal cycle as a sequence descriptor. According to 
the phase hypothesis, missing members were explained in terms of the 
rapidity of the marine transgression or regression, which in turn 
governs the likelihood of accumulation and preservation of a particular 
member. Considered to be of much greater significance was the assumed 
regularity of cyclic ordering, the tendency for those members which 
did appear to occur in their proper order. Reger (1931) was so 
impressed with the consistency of this cyclical arrangement, he coined 
the term "phantom" to refer to units which did not appear at their 
expected positions within a cycle, but which may materialise 
sporadically.
Shi el 1s (1963) strongly criticised this concept of phantom
Macoupin type: a we I I-deveI oped cyclothem; 
with persistent coal of above average thickness; 
very good expression of "middle" limestone; 
very persistent black shale; thin upper limestone 
an unusually thick upper shale.
La Salle type: well-developed, though less 
complete than Macoupin type; coal thinner and 
less extensive than in Macoupin type; "middle" 
limestone generally missing; upper limestone 
characteristicaI I y thick, light-coloured and pure
Bogota type: a thin, comparatively incomplete 
cyclothem; prominent "lower" limestone; marine 
limestones rare; black shale commonly present 
and may be thick; fossils above coal mostly 
brackish-water species. .
Figure 29: Three variants of the Illinois cyclothem, after 
Weller (1942). Key to lithologies as in Fig. 28.
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Figure 30: Comparison between Kansas megacyclothem and Illinois 
cycle of cyclothems, after Weller (1958). Not drawn
to scale
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members. He examined the possibility of subdividing the Yoredale 
sequence at Beadnell between the Eelwell and Acre Limestones, into four 
cycles by noting the positions at which marine horizons occur or might 
have occurred in the sequence. According to this practice, it would be 
possible to recognise further cycles wherever an interruption occurred 
in the ideal gradual change of environments. Shi ells concluded (p. 
1099):
"It is clear that once cyclothems are referred to with 
certain members 'missing' or 'absent' then a process 
is begun which, if taken to its logical conclusion, 
fragments the sequence to the point of meaninglessness."
Doveton (1969, p. 59) expressed a similar view: the application 
of the philosophy which he termed "the missing members concept" can be 
used "to explain the juxtaposition of almost any rock-type with any 
other, and so used to interpret any lithological sequence, random or 
non-random, as the repetition of any simple scheme."
The foregoing example highlights a significant failure among 
many students of cyclic sedimentation: that is, to distinguish between 
observation and interpretation. The concept of phantom or missing 
units has been widely embraced merely because it is in keeping with the 
phase hypothesis. If so-called missing members were accepted for what 
they are - evidence of considerable lateral lithological variability in 
these cyclic successions - then the shortcomings of the phase model 
become obvious. Rejection of the phase model in turn obviates the need 
for the concept of phantom units.
The thickness of inferred cycles or of individual members has 
also been employed as a criterion for recognising cycles. Fiege (in 
Germany) and Van Leckwijck (in Belgium), whose work strongly influenced 
thinking on cyclic sedimentation in Continental Europe (Duff et ai., 
1967), recognised cycles of different orders of thickness for which
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they postulated different modes of origin. Fiege et ai. (1957) 
distinguished 4 m ,  10 m and 50 m cycles. The 4 m cycles, which 
equated with Illinois cyclothems, were attributed to topographic and 
sedimentational factors, whilst the 10 m and 50 m cycles were thought 
to be the result of epeirogenic movements, modified by topographic and 
sedimentational factors. The 50 m cycles, separated by marine bands, 
were considered to be a suitable basis for stratigraphic subdivision 
in Europe. Duff et ai. (1967) pointed out that thickness is not a 
suitable criterion for recognising cycles, particularly in areas of 
considerable vertical and lateral lithological variability; not only is 
the system "arithmetically unsatisfactory", the danger also exists 
"that cycles will be identified at specific intervals because the 
system carries the implication that they must exist" (p. 144).
The thickness criterion has been applied in a more subtle, 
perhaps unintentional, manner to the recognition of cycles in northern 
England by Johnson (1959) and Moore (1958, 1959, 1960). These authors 
considered the main limestones to denote the boundaries of major cycles 
Moore (1959) delineated 8 major cycles bounded by 9 main limestones in 
the Yoredale Series of Wensleydale (Askrigg Block), the Alston Block, 
and the Shap area. Minor cycles, of much more restricted extent and 
composed of limestone - shale - sandstone, were distinguished in the 
upper section of some major cycles; the occurrence of the minor cycles 
was thought to be conditional upon the appearance of sandstone in the 
major cycle. According to Moore (1958, p. 94), however, the minor 
cycles retain all the characters of the typical rhythmic unit except 
the persistence of the limestone, whereas according to Moore (1960, p. 
218): "Each cyclothem, major or minor, comprises the following eight
members___ None of the members is wholly persistent". These statements
indicate the uncertainty involved in distinguishing between major and
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minor cycles on the bdsis of the thickness and persistence of the 
limestone unit.
Duff and Walton (1962) considered that the recognition and 
definition of cycles are dependent upon the order of the rock units and 
that thickness is a superfluous feature in this context, but that 
thickness can be a guide to the amounts of material available and to 
the degree of subsidence. Shiells (1963) expressed a similar view 
based on the assumption that cyclic sedimentation is concerned with the 
sequence of environmental changes. The duration of the environment, as 
indicated approximately by the thickness of a rock unit, is irrelevant; 
the important feature is the transition from one rock-type to another. 
Referring to the Yoredale Series, Shiells wrote (p. 1098): "thick 
limestones are named, are important commercially, are conspicuous in 
the field, are important strati graphical marker horizons, but they do 
not represent especially important units in a cyclical series".
Although thickness may be an unsuitable criterion for distin­
guishing cycles, it is nevertheless reasonable to impose a threshold 
upon the thickness of rock units delineated in a sequence, particularly 
upon the environmentally non-specific units. In a study of Coal 
Measures sedimentation in Ayrshire, Scotland, Doveton (1971) set a 
minimum thickness requirement of 30 cm for all lithologies except 
rootlet horizons, upon which no thickness restriction was imposed. 
Similarly, Johnson and Cook (1973) in a study of cyclic sedimentation 
in the Permian Moon Island Beach Subgroup, New South Wales, defined 
four lithologies with minimum thicknesses chosen in such a way as to 
give approximate environmental equivalence in terms of depositional 
significance. This practice has the following advantages:
(i) a degree of objectivity and consistency is afforded to the
process of delineating units, which is particularly desirable
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in long complex borehole sequences where information regarding 
the lateral persistence of units is limited; and,
(ii) thin units deemed to be of trivial, local significance may be 
filtered from the sequence or, alternatively, combined 
logically into larger units of which small-scale interbedding 
is the characteristic feature.
However, the practice of setting threshold thicknesses also carries the 
danger that environmentally important units will be filtered from the 
sequence inadvertently.
Krumbein (1964) recommended that the scale of investigation be 
specified at the outset of cyclic sedimentation studies. He indicated 
the obvious need for the scale of inference to be consistent with the 
scale of observation, a view reiterated by Duff et ai. (1967).
2.3 Initial quantitative approaches to cyclic sedimentation
Quantitative techniques were employed initially in cyclic 
sedimentation studies to test for periodicity in stratigraphic 
sequences; the techniques include time-trend, autocorrelation and 
Fourier analysis. Publications by Duff and Walton (1962, 1964) 
prompted further quantitative studies of vertical and lateral 
lithological variation in cyclic successions, using a variety of models 
including simple linear regression, trend-surface, principal components 
and factor analysis. In view of their continuing relevance to cyclic 
sedimentation studies, these early developments in quantitative 
analysis are discussed in some detail below.
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2.3.1 Testing for periodicity in stratigraphic sequences
The process of testing for oscillations, or periodicity, 
in stratigraphic sequences is termed "harmonic analysis" (Harbaugh and 
Merriam, 1968). The general aim of harmonic analysis is to isolate 
periodic oscillations from a possible long-term trend and from short­
term random components and, if possible, to represent the oscillating 
component by a periodic mathematical function. Harmonic analysis has 
developed along the following three main lines:
(i) time-trend analysis (e.g. Vistelius, 1961);
(ii) autocorrelation analysis (e.g. Schwarzacher, 1964); and,
(iii) Fourier analysis (e.g. Preston and Henderson, 1964; Preston and
Harbaugh, 1965).
In time-trend and autocorrelation analysis, it is assumed that 
the observations are made at equal time intervals. These techniques 
are applied commonly in stratigraphy, usually by substituting section 
thickness for time. Although Fourier analysis may be used in con­
junction with irregularly spaced data, a similar substitution between 
the thickness and time variables nevertheless affects the subsequent 
geological interpretation of the results because time and thickness do 
not bear a simple one-to-one relationship.
Time-trend analysis
Time-trend analysis is the process of smoothing (filtering or 
grading) a sequence of regularly spaced data in which a long-term 
fluctuating signal may be disguised by short-term random noise. The 
aim of smoothing is to emphasise the underlying signal by reducing the 
noise. Although less powerful than autocorrelation and Fourier 
analysis, time-trend analysis is useful in relation to stratigraphic 
data (e.g. lithologic sections, electrical logs, porosity, grain-size 
or bed thickness distributions) which may be considered, as forming a
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time-seri es.
The mathematical background to time-trend analysis is discussed 
by Vistelius (1961), Harbaugh and Merriam (1968) and Davis (1973). The 
smoothing process is a moving average technique, in which successive 
points in a sequence are recalculated using any of a number of smoothing 
formulae to give values which approximate to the long term signal. A 
smoothing formula which has been applied commonly to long sequences is 
Spencer's 21-term formula:
x'o = 1/350 [60x0 + 57(x_! + x+i) + 47 (x_ 2 + x+2)
+ 33(x _3 + x+ 3) + 18(x_4 + x+1J + 6 ( x _ 5 + x+5)
- 2 (x.e + x+6) - 5 (x_7 + x+ 7) - 5(x-8 + x+ 8)
- 3 (X-9 + X+9) - (x_Io + X+xo)]
where xn = observed value of term in sequence, n terms from x0s
and xj = estimate of signal at a given point x0 in the sequence.
The smoothing formula is appropriate for filtering out both the 
oscillating and the random component to isolate a long-range trend. 
However, the application of this formula results in the loss of the 
first and last 10 data points of the sequence, which may constitute a 
problem in short sequences. For short sequences or where the smoothing 
effect of the 21-term formula proves excessive (that is, if higher 
frequency signal components are sought), the following 5-term formula 
(Vistelius, 1961) may be suitable:
x'o = 1/35 [ 17xo + 12(x_i + x+i) - 3(x_2 + x+2)]
A disadvantage of time-trend analysis is that the peaks and troughs of 
the smoothed curve may shift relative to those in the original data 
(Davis, 1973).
Since the smoothing process requires numerical data, Vistelius 
(1961) applied the technique to lithologic sections by "arithmetising"
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the rock-types on the basis of their grain-size; each rock-type was 
designated by a range number from 1.4 (clays) to 49 (intraformational 
conglomerate). The stratigraphic sections analysed were all composed 
of thin-bedded cyclic units and involved a variety of facies types. 
Vistelius applied time-trend analysis to the sequences in order to 
remove the small-scale oscillating component and thereby facilitate 
correlation.
Autocorrelation analysis
A trend-free oscillating series, showing nonrandom fluctuations, 
may be further analysed by examining the correlation between successive 
terms in the series. In a sequence Xi, x2, X3 ... xn , the first order 
serial correlation coefficient refers to the correlation between Xi 
and x2, x2 and x3 ... xn_i and xn . To obtain the second order co­
efficient, the correlation between Xi and x3, x2 and Xi* ... xn _ 2 and 
x is examined; a "lag" of 2 occurs between pairs of x-values. The 
coefficient y\ of the k order (lag k) is given by
rv = cov (X-; x1+lc)
Vvar xi var xi+k'
Values of r may be plotted against lag k to produce a "correlogram".
In a series composed of n terms, the maximum lag L should not exceed 
n/4 (Davis, 1973), since correlation theory is based on the assumption 
of an infinitely long sequence, whereas the correlation coefficient is 
obtained from successively fewer terms as the lag increases.
Schwarzacher (1964) applied this technique to a Carboniferous 
limestone-shale sequence in County Sligo, Ireland. The section, 
comprising the Benbulbin Shale, Glencar Limestone and Dartry Limestone, 
was divided into 20 cm intervals. The limestone percentage in each 
interval was measured for the lower two formations; for Dartry 
Limestone the average thickness of all limestone beds contained wholly
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or partly within each interval was found to be a more reliable index of 
cyclic events. The serial correlation coefficients were obtained for 
the Benbulbin Shale, for the lower, middle and upper Glencar Limestone, 
and for the Dartry Limestone. The resulting correlograms were compared 
with the following theoretical models.
(i) An oscillating series generated by a moving average.
According to this model, successive values x
p
of a series are determined by the sum of factors uk 
and by a random variable ep , thus:
xp = Uj + u2 + ... + uk + ep
The correlogram for this series (Fig. 31A) consists of a 
straight line from rQ=l to rk= 0 .
(ii) An autoregressive series.
Successive values of x„ are linked by constantp J
factors as follows:
xp - -aXp-i - bxp _2 - cxp _3 . . . + ep
The linkage may occur over any number of terms. The special 
case of linkage over two terms is called a Yule-Kendall process, 
the correlogram of which is a damped harmonic (Fig. 31B). The 
period of oscillation can be estimated for a Yule-Kendall 
process if rx and r2 are known.
(iii) Harmonic series.
A pure sine wave is an example of a harmonic process; 
the correlogram of a sine wave is a cosine wave (Fig. 31C).
(iv) A stochastic (random) process superimposed on a harmonic
process.
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Figure 31: Theoretical correlograms for oscillating series generated 
by (A) a moving average, (B) a Yule-Kendall process,
(C) a pure sine wave, and (D) a stochastic process super­
imposed upon a harmonic process.
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The terms x in the series may be expressed as follows:
2tt
x = A sin —  p + p 
y P
The serial correlation coefficient is given by
____________ 2 7T
A2 + 2 var e * cos y ^
and the correlation falls from r0 =1 to a cosine wave of
constant amplitude determined by the variance of e (Fig. 31D).
The correlogram for the Dartry Limestone indicated a 
period of oscillation of 300 cm. The Yule-Kendall model was found to 
be inadequate, but a harmonic model (amplitude 17.9 cm, period 300 cm) 
incorporating a damping term, provided a reasonable fit. In the case 
of the Glencar Limestone, the middle part of the section is charac­
terised by shorter oscillations (155 cm) than the lower (280 cm) and 
upper (330 cm) sections. Schwarzacher attributed this difference to 
decreased sedimentation rates rather than to a change in the nature of 
the oscillations in the middle section. In view of the strong damping 
in the correlogram for the Benbulbin Shale, a harmonic model is un­
suitable. Although the period for the Yule-Kendall model (291 cm) is 
shorter than the observed oscillation (320 cm), Schwarzacher did not 
rule out the autoregressive model, with a superimposed random 
disturbance causing the damping. From the similarity in period between 
the three formations, Schwarzacher concluded that the oscillations in 
the Benbulbin Shale are not necessarily unrelated to those in the 
limestone formations.
Fourier analysis
As in time-trend and autocorrelation analysis, one of the aims 
of single Fourier analysis is to examine a data sequence for periodic 
components. Prior to carrying out Fourier analysis, it is necessary 
to remove any long-term non periodic trend, for example by converting
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A. Periodic waveform 
+ random noise 
+ linear trend
B. Linear trend isolated 
from waveform A
C. Periodic + random 
components of A 
after removal of 
trend
Figure 32: Removal of linear trend (B) from periodic 
waveform (A), resulting in the isolation 
of periodic + random components (C).
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the sequence to deviations from a straight line (Fig. 32). The 
deviations from the trend contain the periodic components and random 
noise. Using Fourier analysis, it is possible to resolve this trend­
free signal into its various harmonic constituents.
The single Fourier series representation of the amplitude (y ) 
of a signal at point in the sequence is
oo ZnTTXi 2mrxi
= „1 («n cos -------  + Sn Sin ------- )
where n is the harmonic number, a is the wavelength and (% and $n are 
coefficients relating to the amplitudes of the sine and cosine compon­
ents. Coefficients o^and 3n assume values near zero for those har­
monics not present in the data sequence. Only those harmonics 
representing wavelengths actually present in the data are associated 
with large values of (% and $n. In order to simplify the calculation 
of an and 3n , the Fourier series can be re-written as
oo
yL = n=i ân + ^n)2mrxi 2mrxi
where Cn = cos ----- and Sn = sin -----
A A
This generalised equation gives the following expansion, 
corresponding to the fundamental and first harmonic:
y± = oto C0 + $o S0 + oil Ci + 3i Si
The unknown coefficients a 0, 3o> ai and $i may be determined by
solving the following set of simultaneous equations:
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Z C j C o E C i S o  E C ?  E C 1 S 1 oti E y C ]
E S i C o  E S 1 S 0  E S i C j  E S ?  _ . 3 l _ E y S ,  _
However, the zero order harmonic yields values of unity and zero 
for Co and S0 , respectively, and the form of the simultaneous 
equations can be simplified as follows:
n E C i  E S i a 0 2 y
E C j  E C ?  E C 1 S 1 a i — E y C i
E S j  E S i C i  E S ? 3 i 1----
----
----
----
-
M tn I—*
l__
___
___
___
This set of equations can be enlarged to include higher order 
harmonics up to a limiting point imposed by the handling capacity of 
the computer. In the case of regularly spaced data, however, the 
Fourier equations can be simplified further so that the computer 
handling capacity need not be exceeded. In the case of regularly 
spaced data, the off-diagonal terms in equation * are zero and the 
diagonal elements are a simple function of X. The coefficients (% 
and $n are given by
2 N 2n7TXi
N
E
i=i
yi cos X
2 N 2nTrXi
N Ei=i y± Sin X
N
The coefficient 3o does not exist and a0 = ( E y..-)/N, the mean value
i = i
of y^. Harmonics may be computed up to order N/2, termed the Nyquist 
frequency.
by
The variance accounted for by the nth harmonic is given
s2 = a 2 + B2n n n
S* is also called the "power" of the harmonic, a term derived from 
electrical engineering. If the variation in y± (s|) is regarded as an 
expression of the total variance of the time-series, then the percentage 
contribution of the nth harmonic is
s2_n x 100
S 2
y
The values of s2 are commonly displayed graphically, plotted against 
the harmonic number n. This graph is the power spectrum of the series. 
The magnitude of successive values of s£ varies considerably as a 
consequence of the finite sample length of the time-series; Davis 
(1973) suggests that a smoothed power spectrum may provide more in­
sight into the periodic structure of the series.
Preston and Henderson (1964) applied single Fourier analysis to 
resistivity data derived from borelogs of the Pennsylvanian Lansing 
Group, Kansas. Their principal aim was to characterise the Lansing 
Group in each well by a power spectrum which might serve as a basis 
for computerised stratigraphic correlation. A further objective was to 
determine whether the electric logs for the Lansing Group in southeast 
Kansas could be distinguished numerically from the well-logs for the 
Lansing Group in northwest Kansas.
Harbaugh and Preston (1965) used single Fourier analysis to test 
for periodicity in shale-oil yield in a 389 ft section of the Green 
River oil shale. The raw data consisted of shale-oil yield in gallons 
per ton measured at one foot intervals. Three Fourier series, 
containing 41, 101 and 161 terms, respectively, were fitted to the 
data. The power-spectrum values for the 161 term (80th degree) series
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(explaining 85.4% of the total variance) indicated the relative 
importance of harmonics 1, 2, 3, 4, 6 , 8 , 11, 14 and 15, corres­
ponding to wavelengths of 388, 194, 129, 97, 65, 48.5, 35, 28 and 26 
ft.
2.3.2 Analysis of vertical variation
Duff and Walton (1962) made at least two important 
contributions to improving the methodology for studying vertical 
variation in cyclic successions. First, they pointed out the need for 
distinguishing clearly between what occurs in the field and what is 
deduced from theoretical considerations. These authors demonstrated 
the ambiguity of cyclothem nomenclature which had arisen from the 
failure of workers to make this distinction. This led them to dis­
tinguish the following three concepts (p. 239):
(a) modal cycle, comprising that group of rock-types which occurs 
most frequently through any succession;
(b) composite sequence, consisting of all the rock-types 
investigated in a cyclic succession, arranged in the order in 
which they tend to occur within the cycle; and,
(c) ideal cycle, which is erected on the basis of a theoretical 
model of sedimentation.
Modal cycles and the composite sequence are obtained by observation of 
the succession, whereas the ideal cycle is derived from general 
considerations of sedimentation.
Second, critical of the subjective nature of existing 
methodology, Duff and Walton proposed a quantitative technique for 
obtaining the modal and composite cycles. Although this technique 
contains some subjective elements and has been superceded in some 
respects by Markov chain analysis, it possesses several desirable
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features. A brief account of the technique follows.
Duff and Walton (1962) recognised six lithologies in the East 
Pennine Coal Measures succession: shale or mudstone; siltstone; 
sandstone; a mixture of sandstone, siltstone and shale; seat-earth; 
coal. Seat-earth (or, where present above the seat-earth, coal) was 
taken as the top unit of the cycle. The sequence of lithologies 
between successive seat-earths was noted and each different sequence 
type was recorded on a frequency histogram. A primary mode comprising 
shale between successive seat-earths and two secondary modes com­
prising shale-siltstone-shale and shale-siltstone plus sandstone- 
shale (between seat-earths) were obtained. The results for cycles 
containing marine fossils reinforced these dominant modes. The 
combined results indicated the following two types of composite 
sequence, characterising the lower and upper sections of the Coal 
Measures succession, respectively:
(a)
( 1)
( 2 )
(3)
(4)
Lower Coal Measures: 
coal
seat-earth 
shale, non-marine 
siltstone and sandstone 
shale, non-marine
(b) Upper Coal Measures: 
coal
seat-earth 
shale, non-marine 
siltstone and sandstone 
shale, non-marine, above 
or below marineshale, marine 
The advantages of this technique are as follows: 
the results constitute a summary of the entire succession; 
the results are reproducible;
observation and inference are separated effectively; 
multiple modes or cycle types may be distinguished, in which 
respect this method is superior to Markov chain analysis in its 
present state of development.
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A disadvantage of the method is that a degree of subjectivity is 
introduced by the need to establish a boundary lithology before the 
analysis of the cycle types can be carried out. The choice of a seat- 
earth as the cycle boundary, based on its frequent occurrence, lateral 
persistence, environmental specificity and ease of recognition in the 
field, seems appropriate in the context of the East Pennine Coal Measures 
succession, although Westoll (1968) criticised this choice and 
suggested that the base of marine shale would be a more valid (lower) 
boundary lithology. In other successions, however, the appropriate 
boundary lithology may be even less obvious and the cycle frequency 
technique consequently inapplicable. It may be mentioned here that 
Markov chain analysis enables the vertical variation to be analysed 
without reference to a boundary lithology and in some situations, may 
assist in the choice of the boundary. '
Furthermore, the existence of modal cycles does not prove that 
a succession is cyclic. Doveton (1969) pointed out that even a 
deliberately randomised stratigraphic sequence yields cycles and modal 
cycles, the internal character of which is dictated by the rock-type 
proportions. It would be possible to fit an ideal cycle to such a 
random sequence by means of "a concept of 'missing members' and the 
admission that there was a wide variation from the postulated ideal 
cycle" (Doveton, 1969, p. 62).
In a provocative paper designed to lead geologists to question 
the objectivity of their own work, Zeller (1964) showed how it was 
possible to rationalise, using geological insight, the deviations of 
2- and 3-component random sequences from their respective ideal cycles. 
In the same paper, Zeller demonstrated by means of a correlation 
problem that geologists have become dependent upon a conventionalised 
presentation of data. The correlation experiment showed that Zeller's
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population of geologists experienced less difficulty in correlating 
sequences represented by graphic stratigraphic logs than when the 
sequences were represented by a numerical code. An even more 
unsettling aspect of this experiment is that the sequences used were 
based on random numbers derived from the Lawrence, Kansas, Telephone 
Directory!
2.3.3 Analysis of lateral variation in cyclic parameters
The following quantitative techniques have been 
employed to investigate lateral variation in cyclic parameters:
(a) trend-surface analysis, in which the variance for individual 
parameters is resolved into geographically meaningful regional 
and local components (e.g. Duff and Walton, 1964; Read and 
Dean, 1967);
(b) pair-wise evaluation of the relations between cyclic variables 
employing linear and curvilinear polynomial regression analysis 
(e.g. Duff and Walton, 1964; Duff, 1967; Read and Dean, 1967, 
1976; Johnson and Cook, 1973; Casshyap, 1975); and,
(c) analysis of co-variation in cyclic variables, using factor 
and principal components analysis (e.g. Read and Dean, 1968). 
Duff and Walton (1964) investigated the areal variation in the
following variables for the Modiolaris Zone (Lower Westphalian) of the 
East Pennine Coalfield using trend-surface analysis: total sediment 
thickness, number of cycles and total sandstone thickness. A quantit­
ative estimate of the relations between the variables was also made 
using correlation coefficients. Both the number of cycles and the 
total sandstone thickness were found to be positively correlated with 
the total sediment thickness. Correlation coefficients may be used as 
a basis for comparing trends and also residuals for various cyclic
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parameters, as suggested by Cook (1969a) in relation to Bui 1i Coal 
structure and thickness variation in the southern Sydney Basin. The 
technique of superimposing pairs of residual contour maps provides an 
effective visual means of comparing small-scale geological features 
(Cook, 1969a). The relation between the signs of residuals may be 
quantified on the basis of matching coefficients (Merriam and Lippert, 
1966) or X2 tests (see section 4.3.3; also Cook, 1969a).
Read and Dean (1967) evaluated the relations between all 
possible pairs of 11 cyclic variables for the Kincardine Basin 
succession (Scottish Midland Valley) on the basis of correlation co­
efficients. Read and Dean (1976) singled out the relation between the 
number of cycles and total sediment thickness for detailed consider­
ation. The correlation coefficients and linear regression equations 
were computed using data from 10 successions comprising both fluvial 
and deltaic (proximal and distal) facies from 6 structural units in 
the Scottish Midland Valley. The regression lines were compared with 
a view to testing the hypothesis that the relation between the number 
of cycles and total sediment thickness is an invariable expression of 
some underlying factor controlling all cyclic successions. This hy­
pothesis was discarded, however, in view of the large variation in the 
gradient values. Furthermore, the positive correlation between the two 
variables was found to be stronger for the rapidly subsiding basins 
(Kincardine and Midlothian Basins) than for the slowly subsiding fault- 
controlled depositional basins. Although the quadratic and cubic 
equations did not improve the statistical goodness-of-fit, the 
negative coefficients of the second-degree terms obtained for 8 out of 
10 data sets, were considered to indicate a general tendency for cycles 
to be somewhat thicker in the areas of greatest net subsidence (p. 107). 
Although this inferred relation between average cycle thickness and
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total sediment thickness may be empirically correct, the statistically 
non-significant quadratic relation between the number of cycles and 
total thickness (Read and Dean, 1976, p. 114) provides no basis for 
this inference. In view of their importance in the context of the 
present study, the mathematical implications of these relationships 
are pursued briefly below.
Assuming that a strong positive linear correlation exists 
between the number of cycles (n) and total sediment thickness (T), it 
follows that a constant increase (a T) in T is accompanied by a constant 
increase (An) in n, as in Fig. 33A; that is,
if ATi = AT2 = . . . = ATs
then Anx = An2 = . . . = An0
Since t = T/n, the positive correlation between n and T also implies 
a positive correlation between t and T; that is, a constant increase 
in n and T is accompanied by a constant increase At in t:
At, = nCM
1 4-><1 = Ats
AT, _ AT2 _ _ ATs
or Anx An2 ' ' ' Ans
The implied relation between t and T (illustrated in Fig. 33B) holds 
only if the variables t and T are normally distributed and a strong 
positive linear relation exists between n and T.
Read and Dean (1976) observed a relationship of the type
2
n = _aT + bT + c, where a,b > 0 and a «  b 
for 8 out of 10 data sets; these quadratic relations did not improve 
the statistical goodness-of-fit of the regression equations to the 
data. Assuming, however, that a quadratic equation of the above type 
explains a high proportion of the variance, a constant increase in T 
is associated with a diminishing increase  in n (or T increases at a 
greater rate than n). That is, as T increases, n also increases,
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T - T -
A. Constant increase in T 
-♦constant increase in n.
B. Constant increase in T 
-♦constant increase in t.
a T, a Ti T - aTi aTz T -
C. Constant increase in T - *  
diminishing increase in n.
D. Constant increase in T -» 
expanding increase in t.
Figure 33: Linear relationships between (A) n and T, and
(B) t and T; and quadratic relationships between
(C) n and T, and (D) t and T.
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although
Ani > An2 > . . . >Ans
This relation between n and T is shown in Fig. 33C.
The implications of this relationship upon the t vs T relation­
ship are complex:
-aT2 + bT + c = n 
= T/t
. \  t = T/(-aT2 + bT + c)
However, a constant increase in T is accompanied by an expanding 
increase  in t (t increases at a greater rate than T); that is,
ATi AT2 AT«
-—  < --- < < —
Ap! An2 • • • Ans
or Ati < At2 < . . . < Ats (see Fig. 33D) 
since AT is constant and Anx> An2 > . . . > Ans .
Thus, the correct inference from the negative quadratic term in the 
equation relating the number of cycles and total section thickness 
appears to be that average cycle thickness increases at a greater 
rate than total section thickness. These relations will be useful in 
understanding the results of regression analysis in Chapter 3.
Read and Dean (1968) analysed the covariation in cyclic 
parameters for the Kincardine Basin succession using principal com­
ponents and factor analysis. The results generally confirmed those 
obtained by trend-surface analysis. Another method for studying the 
inter-relations among a number of areally distributed variables is 
canonical trend-surface analysis (Lee, 1969). This technique involves 
relating one set of independent variables (geographical coordinates X 
and Y) to a second set of dependent variables (for example, the cyclic 
parameters described previously). Canonical trend-surface analysis is 
similar to conventional trend-surface analysis, except that the
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resultant trend is not the trend of a particular variable Z, but is the 
common trend of a set of variables Z ̂ . Cook and Johnson (1975) used 
this technique to investigate the relations among a number of 
properties of the Bui 1 i Coal, including economic thickness, ash yield, 
sulphur and phosphorus content, and swelling number; the results 
compared favourably with those obtained by partial trend-surface 
analysis and provided greater insight into the covariation among seam 
properties than the conventional trend-surface analysis.
2.4 Markov chain analysis
As a mathematical model for analysing the nature of ordering in 
sequences of data, Markov chain analysis has found a ready application 
in cyclic sedimentation studies. Since the first geological application 
of Markov chain analysis by Vistelius (1949), a voluminous geological 
literature has accrued on the subject. Most of these studies are 
based on the first-order model, although Doveton (1971) and Doveton and 
Skipper (1974) investigated both first- and second-order Markov 
properties of coal measure and turbidite sequences, respectively. A 
recent mathematical review of Markov chain analysis by Schwarzacher 
(1975) referred to a number of potentially useful aspects including 
recurrence and first passage probabilities and the eigenvalue properties 
of Markov matrices, none of which has been utilised extensively in 
geological studies.
2.4.1 Definition of a Markov Process
A Markov process is a partly random process in which 
the probability of being in a given state at a given time depends upon 
the identity of some previous state or states; that is, there is a 
degree of memory of one state for another. In a truly random process,
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all events are independent of one another and the process possesses no 
memory. At the opposite end of the spectrum, in a deterministic process, 
the state of the system is entirely predictable from a knowledge of the 
underlying physical principles and the process may be regarded as 
having an infinitely long memory.
The nature of memory in a Markov process can be described in 
terms of the order and dependence of the process (Harbaugh and Bonham- 
Carter, 1970), where order refers to the length of memory and 
dependence to the number of states which influence the current state. 
Harbaugh and Bonham-Carter (1970) further classify Markov processes on 
the basis of whether the states comprising the system are discrete or 
continuous and whether observations are made at discrete intervals or 
time continuously. The present discussion is limited to discrete-state, 
discrete-time Markov processes, which are known as Markov chains.
2.4.2 Transition frequency matrix and probability matrix
In the application of Markov chain analysis to strati­
graphy a sequence of sedimentary rocks is divided into a number of 
discrete states (lithological units) and the sequence is summarised in 
terms of the frequency with which one rock-type is overlain by another. 
The transition frequencies may be stored in a transition frequency 
matrix or tally matrix. In the case of a first-order Markov model, the 
tally matrix is a two-dimensional array. In a sequence composed of m 
different lithologies llf U, •••, 1». the tally matrix [NiJ] haS the 
following form:
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h . . . lm
ll n n ni2 . . . nim
1 2 n2 i n22 n2m
nmi nm2 • • •
The corresponding first-order transition probability matrix
is derived as follows:
= nij / nt where n..-X • " Z n±j
Element pij is the probability of being in state j at time (or event) 
t, given state i at time (event) t-1. Each row of [Pij] sums to unity 
and, in a correctly structured matrix (that is, a matrix derived from 
an individual continuous sequence), the column cells also sum to unity.
Similar arrays can be used to store the transition frequencies 
and probabilities associated with higher-order, single-dependence 
Markov chains. In the case of a third-order chain, for instance, the 
three-step transition frequencies can be stored in an array in which 
the columns represent the states observed at step t and the rows 
represent the states observed at step t-3 , as follows:State at step t -3 State at step t :
ll i2 Is I*
ii nn n 12 nis n 11+
i2 n21 n22 n23 n2i*
Is n 31 n32 n 3 3 n34
lit nu ni+2 ni+ 3 nkh
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In the case of multiple-dependence Markov chains, the transition 
frequencies and corresponding probabilities can be stored in multi­
dimensional arrays in which the number of dimensions is d + 1 , where d 
is the dependence number. A1ternatively, a two-dimensional represen­
tation could be used as in the following example of a 2-state, second- 
order, double-dependence Markov chain:
State at steps: 
t-2  t-1
State at 
step t:
ii I2
ll ll n n  1 ni 12
li 12 ni 21 ni 2 2
12 ll n211 n212
12 12 n22i n222
2.4.3 Structuring a sequence for Markov chain analysis
Two principal methods have been used in structuring a 
stratigraphic sequence for Markov chain analysis. One method involves 
sampling the section at equal intervals of length and recording the 
state (lithology) present at each level. The choice of sampling 
interval affects the resulting sequence: thin units may be missed if 
the interval is too large and transitions are thereby introduced which 
do not actually occur in the sequence; if the interval is too small, 
the principal diagonal cells of the tally matrix may be swamped by 
large tallies of self-transitions (that is, transitions of type n±±). 
The effect of the size of sampling interval upon the resulting Markov 
chain was discussed by Krumbein (1967).
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An alternative method for structuring a sequence involves 
recording only the transitions between successive states (lithologies). 
In practice this method encounters the difficulty of recognising 
boundaries between units of the same lithology. The most common 
procedure is to record only the transitions between unlike lithologies, 
disregarding the self-transitions. The resultant tally matrix contains 
zero values along the principal diagonal and is termed an "embedded" 
Markov chain (Krumbein and Dacey, 1969). The presence of these 
expected zero values raises problems in formulating statistical tests 
for the Markov property.
The first-order transition frequency matrix obtained by the 
equal interval sampling method contains information about the prop­
ortions of each lithology in terms of both thickness and transition 
type. The total thickness of each lithology can be derived by 
multiplying each row sum of the tally matrix by the thickness of the 
sampling interval. The off-diagonal cells (n^, i t j ) contain 
information about the frequencies of all possible transition pairs.
By contrast the embedded Markov chain stores information about the 
sequential ordering and the proportions of different lithological units, 
but contains no information about the lithology thickness proportions; 
the thickness frequency distribution must, therefore, be specified 
separately.
An underlying assumption of Markov chain theory is that the 
sequence should be structured by recording the state of the system at 
equal intervals of time or at equivalent events. Since time does not 
bear a one-to-one relation with the thickness of strata, the method of 
equal interval sampling does not yield a Markov chain model which 
satisfies this assumption. To translate thickness of strata into time- 
equivalent units requires a knowledge of the sedimentation rates for
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each lithology, the compaction ratios, the duration of diastems and the 
amount of erosion (if any) which occurred between the deposition of 
successive units. Generally, this degree of refinement would not be 
possible at the scale of individual lithological units. A closer 
approach to the assumption that observations are made at equivalent 
events may be made using the embedded Markov model. The establishment 
of successive environments could be considered as the equivalent events 
at which observations are recorded. However, this method also fails to 
account for diastems and contemporaneous erosion.
2.4.4 Powering the transition probability matrix
In an m-state system described by a first-order Markov 
chain model, the probability that the state i is succeeded by state j 
is denoted by p ^  . That is, given that the system is in state i, the 
probability that after one step or transition the system will be in 
state j is pij. The entire set of probabilities for i, j = l,2,...,m 
is contained in the first-order transition probability matrix [Pij].
The probability of being in a specified state j after n steps or 
transitions, given that the initial state was state i, can be calculated 
from the transition probability matrix [Pij]* Harbaugh and Bonham- 
Carter (1970) described how these n-step transition probabilities could 
be derived from [Pij] using tree diagrams and by the equivalent method 
of powering the transition probability matrix. The procedure may be 
illustrated using the following example of a three-state, first-order 
Markov chain.
Let lj, 12, I3 represent three states in a system of which the 
transition behaviour can be described by a first-order Markov chain.
Let [P^] and [Pij^] represent the one-step and n-step transition 
probability matrices, where
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P n P 1 2 P 1 3 p & } Q (n)P 1 3
[Pij] = P 2 1 P22 P 2 3 and [pij)] = p 2(?} p 2(?} P ^ }
P 3 1 P 3 2 P 3 3
n (n)P 3 1
The elements of [ p g }] can be evaluated with the aid of a tree
diagram. For instance, given that the initial state is si, the
probabilities of being in states sl5 s2, s3 after two steps are 
derived as follows:
Initial state: State after State after Probabilities associa- 
1 step: 2 steps: ted with each trans­
ition path.
Si
S2
S 3
Si Pill Pll • Pi 1
s2 Pll2 = Pll • Pl2
s 3 Pi 1 3 = Pll • Pi 3
Si Pi 2 1 = Pi 2 • P2 1
s2 Pi 22 = Pi 2 • P2 2
S 3 Pi 2 3 = Pl2 * P2 3
s i Pi 3 1 = Pi 3 • P3 1
S2 Pi 3 2 = P 1 3 CMCO
CL
S 3 Pi 3 3 = Pi 3 . P 33
The probabilities that the system is in state sls s2 , s3 after
t w o  s t e p s ,  g i v e n  a n i n i t i a l s t a t e S i  a r e
( 2 )  
P 1 1  ,
( 2 )  
P i 2 5
( 2 )
P i  3 , w h e r e
( 2 )
P i i  = P 1 1 P 1 1 + P i  2 P 2 1 + P i  3 P 31
( 2 )
P 12  ̂ = P 1 1 P 1 2 + P i 2 P 2 2 + P i 3 P 3 2
P i  3  ̂ = P i 1 P 1 3 + P i 2 P 2  3 + P 13 P 3 3
The remaining two rows of [Pij] can be derived similarly. This 
procedure is equivalent to squaring the transition probability matrix
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[Pij]. Further powering yields the three-step transition probability
matrix [P..], where 13
[p ifl = [Pij?)] X [Pij].
In general, [ P ^ ]  = [p|j_l)] x [P± ]
If successive iterations result in convergence of [pjj] to a 
matrix with identical row vectors, the matrix is termed regular 
(Harbaugh and Bonham-Carter, 1970). The stable row vector (or fixed 
probability vector) represents the frequency proportions of the states 
in the sequences. The convergence of [Pij] indicates that the 
probability of being in a specified state after n transitions (where n 
is large) is independent of the starting state and depends only upon 
the relative proportions of each state (Harbaugh and Bonham-Carter, 
1970).
2.4.5 Testing for stationarity
Stationarity is the property that the transition 
probabilities remain constant throughout a sequence. This property is 
an assumption of the succeeding tests for the Markov property. A test 
for stationarity is, therefore, a fundamental aspect of Markov chain 
analysis. In a non-embedded Markov model, the presence of station­
arity may be ascertained by means of the likelihood ratio criterion 
test proposed by Anderson and Goodman (1957).
The statistic to be evaluated is
T m
- 2 loge A = 2£ 2^ n^j(t) loge [pij/pij(t)]
The sequence is divided into T subintervals and a transition 
probability matrix [P±j(t)] is calculated for each subinterval. The 
transition probability matrix for the entire sequence is [Py]. The
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statistic -2 logex has the X2 distribution and for the null hypothesis 
of stationarity to be accepted -2 logeA should be less than the 
tabulated X2 value at [m(m-l)(T-l)] degrees of freedom.
The likelihood ratio criterion test is inappropriate for the 
embedded model, since it is assumed for this test that all pij > 0 .
A suitable procedure involves contrasting the tally matrices corres­
ponding to each subinterval against the tally matrix for the complete 
2 .2
sequence in X contingency tests at [(m-1) -m] degrees of freedom.
2.4.6 Testing for the Markov property
In early studies involving the use of Markov chains for 
modelling stratigraphic sequences, the appropriateness of the Markov 
chain model was tested by comparing the original sequence with a 
synthetic sequence derived from the transition matrix. Carr et ai. 
(1966), in their study of ordering in the Mississippian Chesteran 
Series (Illinois Basin), used the first-order transition probability 
matrix and the lithological frequency distributions to generate an 
artificial sequence. The transition probability matrix and the 
lithological proportions were then calculated for the artificial 
sequence and these were found to be similar to those for the original 
sequence. The similarity between the two sets of parameters was 
considered to confirm the similarity of the two sequences and hence to 
confirm the appropriateness of the Markov chain model from which the 
second sequence was generated. This procedure does not, however, prove 
that the sequence possesses a first-order Markov property, but rather 
that the sequence which is structured as a first-order transition 
probability matrix can produce a sequence that looks similar to the 
origi nal.
Subsequent studies involved the application of statistical tests
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for the Markov property. The most commonly used tests in stratigraphic 
studies are the likelihood ratio criterion test (Anderson and Goodman, 
1957) and the modified x2 test of homogeneity (Billingsley, 1961). 
Although the latter test accepts some zero values in the tally matrix, 
neither test is strictly suitable for use with the embedded Markov 
model. Both tests have been applied to the embedded model, however, 
without regard for the underlying mathematical assumptions of the test; 
the detailed geological results are, accordingly, of doubtful validity. 
The following is an attempt to establish order and perspective in the 
area of testing for the Markov property, although it will become 
obvious that, in view of the characteristics of stratigraphic data, it 
is most unlikely that a completely satisfactory technique can be found.
(a) Likelihood ratio criterion test (Anderson and Goodman, 1957)
The likelihood ratio criterion for testing the null hypothesis 
that a chain possesses the first-order Markov property against the 
alternative hypothesis that it possesses the second-order property is
A II
V W 111
where
A
m
= E
i
m
n . / T n.
U k  ±1 u l .
Under the null hypothesis, -2 logeA has an asymptotic X2 distribution
2
with [m(m-l) ] degrees of freedom. For computational purposes,
m
-2 logeA = 2 ^  njjk loge (P±jk/Pjk)
The likelihood ratio criterion may be generalised to test the 
null hypothesis that the sequence forms a chain of order (r-1) against
•hbi
the alternative of an r order chain, as follows:
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m
a = n (p
i j . . k l  3
For computational convenience,
. k l / ^ i j . . kl
m
2 logeA = 2  E
i j . . kl
n .. . .
i j . . kl l0Se k l ^ k l *
The statistic -2 logeA has a limiting X2 distribution with [m
2
(m-1) ] degrees of freedom. In addition to examining the possibility 
that a sequence forms a Markov chain of a given order, this test 
investigates multiple-dependence Markov properties simultaneously.
Harbaugh and Bonham-Carter (1970) discussed the special case 
where r = 1: the null hypothesis that the observations are statis­
tically independent is tested against the alternative hypothesis that 
they may form a first-order (single-dependence) Markov chain.
The relevant statistic is
m
a = n_ (pj/pjk)nij
m m
where p = E n /S n . The statistic -2 logeA has the X2
. . . 3 J ij 2 J
distribution with [(m-1) ] degrees of freedom and for computational
purposes,
-2 logeA 2 E
i j
n.. loge (p../p.).
ij ye Kij Kj'
In addition to the assumption of stationarity, the likelihood 
ratio criterion test assumes that all probability values (and 
frequencies) are positive. Zero values cannot be tolerated (logeO is 
undefined) and the test is, therefore, unsuitable for the embedded 
model. This assumption also underlies the X2 test of homogeneity 
described by Anderson and Goodman (1957).
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(b) Modified X2 test of homogeneity (Billingsley, 1961)
Billingsley (1961) proposed the following statistic for testing 
a sequence for the first-order Markov property:
m / x 2
X 2 = £ (nij-ni.eij)
ij ni.e±j
where e±j is the i, jth cell of [E±J] , the matrix of assumed 
transition probabilities. Although Billingsley did not define [e^], 
the assumed transition probabilities are presumably derived similarly 
to the expected random values in the contingency table context, as 
follows:
eij - n.j/n.. (in probability form)
where n.j and n _  are summations of CN±jD over i and over both i 
and j, respectively. The X statistic has (d-m) degrees of freedom, 
where d is the number of positive values in [Nij]. The summation is 
restricted to those indices (i,j) for which n±j > 0. As stated 
previously, although this test can accept some zero values, it is 
nevertheless unsuitable for use with the embedded Markov model in which 
m zero values are expected in the main diagonal of the observed tran­
sition frequency matrix.
Gingerich (1969) adapted this test for use with an embedded 
model by substituting the following definition for Billingsley’s matrix 
of assumed transition probabilities to compensate for the expected zero 
values in the main diagonal:
< _ total number of units of lithology j____________ nj
total number of all units except of lithology ± n#.-nia
Gingerich termed [Eij] the independent trials matrix.
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(c) Testing for the first-order Markov property using an embedded 
model
In the present study, a modified X2 contingency approach has 
been adopted to test for the first-order Markov property in an embedded 
sequence. The null hypothesis of independent events is tested against 
the alternative hypothesis that the sequence may represent a first­
order Markov chain.
2
In a normal X contingency test of the form
X
2 E (nij-eij)
ij eij
where [R^] is the empirical matrix (the tally matrix in the present 
context), the independent events matrix [E^] is calculated as follows:
ni . n • 3
n
(in frequency form)
The matrix [E^] possesses the following three properties:
(i) symmetry of elements about the principal diagonal;
(ii) the row sums e ^  are identical with the row sums of [N^];
(iii) the column sums e #j are identical with the column sums of 
[Nij]-
These properties may be demonstrated as follows:
(i) Symmetry about the principal diagonal
Elements e ^  and ejis which occupy symmetrically located 
positions with respect to the main diagonal, are defined as follows:
i.H.j e .. = n3
----  Ji —
n.. n
In the case of a correctly structured transition frequency matrix, 
ni. = n .i and n . = n ; that is, thé number of transitions from a 
given state equals the number of transitions into that state. Therefore,
ej± and the matrix [E^] is symmetrical.
101
(1 i) Row sums of [E...] and [Nii] are identical
In the example of a 3-state tally matrix [Njj], the row totals 
are n i ,  n2> and n 3> and the sum of the rows is n . The elements 
of row 1 of [E±j] are defined as follows:
i i = V . i  e l2 = ni. n .2 e 13 = V n .3
The sum of row 1 of [E^] is
e n + e i 2 + e i 3  =  l 1 l « n « 1 +  n i , n . 2 +  n i , n . 3
"I. (".I + n .2 + n .3)
n
n
= ni.
= sum of row 1 of [N^].
This procedure may be followed to show that the remaining rows of 
[Eij] and [Ni:j] are identical.
(iii) Column sums of [E±^] and [N±..] are identical
Extending the argument relating to row sums to the column sums 
of [Eij], it may be shown that the sum of column 1 of [Eij] is as 
follows:
e il + e i2 + e i3
ni.n.! + n2.n#1 + n3.n.1
n
• •
(nj + n2 + n3 ) n j 4 • • • •
n : ’
= n.i
= sum of column 1 of [N±j]
Similarly, it may be shown that the remaining columns of [E^] and 
[N±j] are identical.
In the case of an embedded Markov model, the expected zero 
values in the principal diagonal of the tally matrix [N-̂ j] should be
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taken into consideration in the calculation of [E^] and subsequently 
of the X2 statistic. Read (1969) used the following modified version
H- = "i.".
n -n. i
The denominator has been modified to compensate for the expected zero
values in the main diagonal. The associated X2 statistic has
2
[ (m-1) -m] degrees of freedom.
Although the row sums of this modified independent events 
matrix equal the corresponding row totals of [riy], [Ejj] does not 
possess the properties of symmetry and of identity with the column sums 
of [Nij], except when the frequencies of each state (lithology) are 
equal. Extending the proof for the symmetry property to the embedded 
model, e±  ̂ = e ^  only when n ^  = »since
'ij ni.n.j and 'ji nj.n.i
That is, CEij] is symmetrical only if the frequency of lithology i 
(ni#) is identical with the frequency of lithology j (n̂  ).
Doveton (pers. comm., 1976) derived an iterative method for 
calculating [E^] corresponding to the embedded Markov tally matrix, 
which possesses the three above-mentioned properties. This method 
involves substituting arbitrarily large dummy values d.̂ for the zero 
values in the principal diagonal of the tally matrix [N^], and 
revising these values as follows:
<k ni. + di
d +~n • • •
When these values stabilise, typically after about 20 iterations, they 
are inserted into the principal diagonal of the observed tally matrix 
and CEi ; j ] is computed by the standard non-embedded method. The
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resultant matrix, possessing the three above-mentioned properties, is 
used to calculate the X 2 statistic; the summation is performed over 
the off-diagonal elements only and the X2 value is associated with 
[(m-1) -m] degrees of freedom. If the calculated X value exceeds the 
tabulated value, then the null hypothesis of independent events is 
rejected and the sequence should be examined for higher-order Markov 
properties.
(d) Testing for the second-order Markov property using an embedded
model — —  -
The following procedure for investigating possible second-order 
Markov properties in embedded sequences is based primarily upon the 
method used by Doveton and Skipper (1974) and partly upon the work of 
Vistelius and Faas (1965).
The observed second-order, single-dependence tally matrix may be
2
contrasted statistically (in a X contingency test) with the matrix of 
two-step transitions predicted from the first-order model. The 
predicted transition frequencies are obtained by squaring the first­
order transition probability matrix and multiplying the elements in each 
row of the squared matrix by the corresponding row totals of the second- 
order tally matrix. Rejection of the null hypothesis that the observed 
two-step transitions arise from a first-order Markov process indicates 
the possible existence of second-order Markov effects (single- and/or 
double-dependence) in the sequence. Vistelius and Faas (1965) 
described a generalised version of this test based upon probabilities 
rather than tallies. The authors recommended that the test be restricted 
to low-order Markov models since errors in the observed first-order 
transition probability matrix compound rapidly as successive powers are 
computed to produce the predicted n-step transition probabilities.
The frequencies of triplets (i+j->k) in the observed sequence may
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be tested individually (using a X test with one degree of freedom) 
against the triplet frequencies predicted by (a) the random model and
(b) the first-order Markov model. The triplet predictions from the 
random model are given by PjPkni.*>Pj and p^ are elements of the fixed 
probability vector, which is obtained by powering the first-order 
transition probability matrix until the values stabilise and the rows 
are identical to one another. The triplet predictions from the first­
order model are given by PijPjkni , where p ^  and p^k are the first­
order transition probabilities and ni  ̂ is the ith row sum of the 
observed second-order tally matrix.
2
2.4.7 The preferred transition path
The transition frequencies in each cell of the observed 
first-order tally matrix may be contrasted statistically with the 
corresponding independent events frequencies in a X2 test using 
Yates' correction factor for one degree of freedom:
m
X2 = ^ (I nij >eij l -h)
eij
The results of this test indicate those transitions which occur more or 
less frequently than if the observed sequence were randomly ordered. 
Those transitions which occur more frequently than predicted by the 
independent events model may be linked to produce a preferred trans­
ition path, as described by Doveton (1971).
An alternative method of deriving the preferred transition path, 
proposed by Gingerich (1969), utilises the concept of difference 
matrices. Gingerich defined the difference matrix as follows:
[Dij] = [P±j]
where [P^] represents the first-order transition probability matrix
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and [E±j] the independent trials (probability) matrix. The positive 
elements in indicate those transition types which have a higher
probability of occurring than if the sequence were randomly ordered. 
These positive elements may be linked together to produce the preferred 
transition path or "fully developed cycle" (Gingerich, 1969, p. 331). 
This technique has been employed commonly in cyclic sedimentation 
studies. As the following example (after Doveton, pers comm., 1976) 
demonstrates, however, the results of this method may be misleading.
Suppose that two transition types have the following observed 
transition probabilities p-̂ j and independent trials probabilities e-̂ j, 
yielding identical difference probabilities djj of 0.10:
Transition
type
pij eij dij
Type 1 0.10 0.01 0.10 11
Type 2 0.60 0.50 0.10 1.2
Although the common difference probability (0.10) suggests that the 
two transition types have the same statistical significance, the values 
of Pj^ and ei . indicate that transition type 1 occurs 11 times more 
frequently than predicted by the random model, whilst type 2 occurs 
only 1.2 times more frequently than predicted. This example shows 
that, at the very least, caution is required in the interpretation of 
difference probabilities.
2.4.8 The bulk tally matrix
A common procedure in Markov chain studies in strati­
graphy is to sum a number of individual first-order tally matrices to 
determine the average or bulk transition behaviour for the corresponding 
sequences. This procedure of summing tally matrices has been used also
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to avoid obtaining sparse tally matrices, which raise statistical 
problems in tests for the Markov property. As the following discussion 
shows, this practice may create more statistical problems than it 
solves.
The theory described previously pertains to Markov chains 
derived from individual continuous sequences. In a first-order tally 
matrix structured from a single continuous sequence, the maximum 
possible disparity between the row sum n ^  and the column sums n  ̂ is 
a unit disparity between the row and column sum corresponding to the 
final and starting states of the sequence; this disparity does not 
occur if the final and starting states are identical.
By combining individual tally matrices, the unit disparities 
are compounded to produce possibly large disparities between the row 
and column sums of the bulk tally matrix. This distortion or bias in 
the bulk tally matrix may be relatively unimportant if the total number 
of transitions greatly exceeds the number of individual tally matrices. 
The implications of large discrepancies may be serious, however, if the 
bias is localised in particular cells, rows and columns of the bulk 
tally matrix, as an examination of matrices in published studies reveals. 
If, for every final state of type i , there is a starting state of the 
same type (either in the same sequence or in another sequence con­
tributing to the bulk tally matrix), then at least an artificial 
continuity of sequence may be achieved. This fact is crucial to the 
statistical (and hence geological) validity of studies involving the 
bulk transition behaviour of a large number of short sequences (e.g. 
intra-coal seam sequences).
2.4.9 Substitutability analysis
The problems of sparse matrices in Markov chain analysis
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can be avoided or at least reduced by combining states of large 
matrices. Moreover9 if the number of states is very large, the 
presence of cyclicity can be obscured; by reducing the number of states, 
it becomes easier to recognise repetitive patterns. Although it is 
desirable that states are combined in a geologically meaningful way, it 
is not always obvious how this may be done. Substitutability analysis 
can indicate those states which have a similar context within the 
sequence and the states can be grouped on the basis of this similarity. 
Davis and Cocke (1972), in their investigation of cyclicity in Lower 
Pennsylvanian rocks in eastern Kansas, used substitutability analysis 
to reduce their original 17 rock categories until cyclic patterns 
became apparent. Doveton and Skipper (1974) used the technique to 
investigate the genetic affinities among numerous divisions of a 
turbidite sequence in the Cloridorme Formation in the Gaspe Peninsula, 
Quebec.
Substitutability analysis is a classification procedure for 
grouping states on the basis of their similar context within a 
sequence in relation to either or both of the preceding or following 
states. For instance, it is observed that the transition triplets 
R+x-*S and R+y+S appear frequently within a sequence. The states x and 
y have a high left substitutability in relation to state S, and a high 
right substitutability in relation to state R. States x and y also 
have a high mutual substitutability in relation to states R and S.
The left substitutability of two states a and b, or the 
tendency for a and b to be succeeded by the same state (S), can be 
calculated from the following formula (after Davis and Cocke, 1972):
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where [Pu^] is the "upwards" transition probability matrix for a 
sequence composed of m different states; pu^ refers to the probability 
that state j follows (overlies) state i in the sequence. The right 
substitutabilities between a and b are calculated by replacing [Pu±j] 
by the "downwards" transition probability matrix [Pd±j] in the above 
formula, where [Pd^j] is the transpose of [Pu^]; pd^ is the 
probability that state i precedes (underlies) state j. The left and 
right substitutabilities are computed for all possible pairs of states. 
The resultant matrices, [L^j] and [Rij], are symmetrical m x m matrices 
in which the principal diagonal elements are all unity and the off­
diagonal elements lie within the range [0,1]. The matrix of mutual 
substitutabilities [M^] is obtained by multiplying each element of 
[Lij] by the corresponding element of [Rij]; the values of [Mij] also 
lie in the range [0,1], with the principal diagonal elements all unity. 
The form of the substitutability matrices make them amenable to 
cluster analysis techniques, which provide a method of grouping the 
states on the basis of their similar relationships to other states in 
a sequence. However, since the form of the substitutability formula 
is analogous to that of the multiple correlation coefficient, probab­
ility matrices constitute an unacceptable basis for calculating 
substitutabilities, because the transition probabilities comprise a 
closed data set. The problem is avoided, however, by using the 
transition frequencies rather than probabilities in calculating 
substitutabilities.
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2.4.10 Entropy in Markov chains
Allegre (1964) applied the concept of entropy from 
communications theory (Weaver and Shannon, 1959) to characterise the 
variability of a stratigraphic sequence. The average entropy, which 
expresses the variability arising from differing state frequencies, is 
defined as follows:
m
= Z ‘  pi  1o9 io Pi
i
where p± is the marginal probability for row i of the upwards trans­
ition matrix (p± = £ ni ./£ ni .). The total variability in a sequence
j ij J
composed of M beds and comprising m different rock-types (states) with 
variable frequencies is defined as
I = M  <f>
A
The ordering of beds is not taken into consideration in the calculation
of (h and I; these quantities are expressions of the maximum possible 
A
disorder or variability of a sequence containing m different 
lithologies with frequency proportions p-̂  and correspond to the 
variability expected in a random sequence of identical length and 
frequency proportions. An expression of variability which takes 
account of both the ordering and frequencies of states in a sequence 
is total entropy, defined as
T
m 
Z
i 1
=  P_. <t>±
where p± is the marginal probability for the ith row of the upwards 
transition matrix and d>. (the partial entropy for state i) is an 
expression of the variability in states succeeding state i:
h
m
Z - P-h  logio Pii 
j J
no
In a perfectly ordered sequence (representing a deterministic process) 
one value of Pij in each row has a value of unity and therefore <j> = o 
for i = 1, m and hence = o.
The degree of ordering in a sequence may be expressed as 
follows:
D 1 - h.
In a perfectly ordered sequence, D assumes its maximum possible value 
of unity.
Hattori (1976) defined two types of partial entropy:
(i) entropy after deposition, e± ip°st), which is defined similarly 
to fa above and which reflects the influence of state i in 
determining the succeeding lithology j; and,
(ii) entropy before deposition, E± p̂re^s defined as
( \ m
Ei Pre = Z - q±j log2 qij
where [ ]  is the downwards transition probability matrix; 
reflects the variability among the states immediately preceding state
i. Low values of E^(p°st) or ^ ( p re) imply a low degree of variability 
in the states succeeding or preceding state i and large values reflect 
a high degree of variability. Hattori (1976) used base 2 logarithms, 
whilst Allegre (1964) used base 10 logarithms; a direct comparison of 
their entropy values can be carried out, however, by applying a simple 
conversion factor, as follows:
log2 x - [l/log102] log10 x
Hattori plotted Ej_̂ Post  ̂ against E ^ P re  ̂ and used the resulting 
graphs to characterise a variety of cycle types (i.e. symmetric,
slightly disordered asymmetric, upper or lower truncated asymmetric,and 
random).
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Since the values of partial entropy are strongly affected by the 
number of different states in the system (entropy tending to increase 
with the number of states), Hattori introduced a correction factor to 
facilitate the comparison of entropy values between sequences composed
of differing numbers of state types. The entropy sets were normalised 
as follows:
R - E/Emax
where E j ^  = ~1 og[l/(m-1 )]. Emax was defined as "the maximum 
entropy possible in the system where m state variables operate" (p. 
485).
In the succeeding chapter the technique of Markov chain 
analysis is applied to borehole sequences of the Sydney Subgroup, 
southern Sydney Basin. First- and second-order Markov models are 
employed and the entropy of the sequences is calculated. As a first 
approach to investigating the effects of contemporaneous differential 
subsidence upon sedimentation, the relations between the cyclic 
characteristics of the succession and total section thickness are 
examined using polynomial regression analysis.
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Chapter 3
QUANTITATIVE STUDY OF THE CYCLIC CHARACTERISTICS OF THE 
SYDNEY SUBGROUP, ILLAWARRA COAL MEASURES
3.1 Introduction
Duff (1967) pointed out the failure in earlier studies of cyclic 
sedimentation relating to the Sydney Basin (e.g. Booker et a i . ,  1954; 
Veevers, 1960) to distinguish clearly between what occurs in the field 
and what is deduced from theoretical considerations; he remarked further 
that no indication had been given of the frequency of so-called ideal 
cycles. Duff's study of cyclic sedimentation in the Sydney Basin 
entailed a similar approach to that applied by Duff and Walton (1962) 
to the East Pennine Coalfield succession. This involved determining 
statistically if a modal cycle were present; defining the modal cycle 
and composite sequence; and comparing the composite sequence with an 
ideal cycle based upon a theoretical model of sedimentation. Taking 
coal as the cycle boundary lithology, the frequencies of various types 
of inter-seam sequences in the Illawarra and Newcastle Coal Measures 
were recorded, in order to determine the modal cycles for each 
succession.
In order to assess the effects of tectonism upon cyclic sedimen­
tation, Duff (1967) carried out a statistical correlation between the 
number of cycles and the total section thickness in each borehole. 
Implicit in this approach is the assumption that variations in the total 
section thickness reflect an underlying pattern of differential tectonic 
subsidence within the depositional basin. Using coal seams as cycle 
boundary markers, individual cycles were delineated in each borehole and
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simple linear regression was employed to investigate the relation 
between the number of cycles and total section thickness.
Johnson and Cook (1973) made the valid criticism that the inter­
pretation of Duff's cycle frequency data is constrained by his initial 
definition of a cycle; that is, the need to decide upon the identity of 
the cycle boundary lithology before modal analysis can be performed 
inevitably prejudges the result. To overcome this difficulty, Johnson 
and Cook (1973) employed a first-order Markov model in their analysis 
of vertical variation in the Moon Island Beach Subgroup (Newcastle Coal 
Measures, northeast Sydney Basin). Using the method described by 
Gingerich (1969), these authors computed a bulk difference matrix for 
the Moon Island Beach Subgroup, which they used to obtain the most 
probable transition path (approximately equivalent to the composite 
sequence in Duff's terminology). On the basis of this cyclic model, 
the authors examined the inter-relationsbetween cyclic variables (the 
number and average thickness of cycles) and total section thickness 
using polynomial regression analysis.
Smyth and Cook (1976) studied intra-seam cyclicity in Australian 
coal seams using Markov chain analysis. The coal seams were reduced to 
five lithologies: four coal categories and dirt bands. The four coal 
categories were defined on the basis of the vitrite + clarite content 
by dividing the total range in the combined percentage of these micro­
lithotypes by 4. By definition, dirt bands yield more than 35% by 
weight of ash. The roof and floor lithologies were incorporated into 
the sequences by treating them as analogous to dirt bands. The authors 
gave no justification for the implied assumption that these lithologies 
are environmentally equivalent. Substitutability analysis might provide 
a basis for this assumption, if it could be shown that the roof/floor 
lithologies and dirt bands occur in a similar context with respect to
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the coal lithologies. Using the procedure described by Gingerich 
(1969), the authors produced difference matrices and corresponding 
transition paths for various coals of Permian, Triassic and Jurassic 
age. However, the formula used to test for the Markov property - that 
proposed by Anderson and Goodman (1957) - is inappropriate, since the 
coal sequences were structured as embedded Markov chains. Further, the 
data were re-processed in terms of a 4-state Markov model by excluding 
the dirt band lithology. The validity of this procedure is also 
questionable, since the Markov model is based upon the assumption of a 
continuous sequence. Although the 5-state data set is composed of 
fragments of sequences, a mathematical continuity can at least be 
achieved by treating the roof and floor lithologies as dirt bands, 
thereby ensuring that each sequence starts and ends with the same 
lithology (dirt band). In the case of the 4-state data set, this 
continuity cannot be achieved and the Markov chain would therefore be 
greatly distorted. However, Smyth and Cook (1976) based their geological 
inferences upon the results of the 5-state difference matrix, which 
from the author's experience, would yield results similar in sense (if 
not in detail) to the preferred technique employed herein.
The aim of the present study in cyclic sedimentation is to 
determine as objectively as currently possible, the nature of vertical 
lithological variation in borehole sequences from the Sydney Subgroup 
and, hopefully, to avoid the pitfalls of previous studies. Close 
attention is accorded the mathematical assumptions of the Markov model, 
since the geological conclusions inevitably reflect the strengths and 
weaknesses of the mathematical model employed. Both first- and second- 
order (single- and double-dependence) Markov models are applied to the 
coal measure sequences and the entropy values for these sequences cal­
culated. The borehole sections upon which this study is based were
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logged in detail by the author (Appendix I).
A further aim of this investigation is to elucidate the controls 
acting upon cyclic sedimentation by examining the relations between the 
number and average thickness of cycles in the Sydney Subgroup and the 
total section thickness using polynomial regression analysis. It is 
assumed here that the thickness of the Sydney Subgroup reflects the 
pattern of differential subsidence which occurred during its accumu­
lation. The validity of this assumption appears to be confirmed by the 
investigation of the structure - thickness relation using trend-surface 
analysis, as reported in Chapter 4.
3.2 Analysis of vertical variation in the Sydney Subgroup
3.2.1 Data analysis
Extensive experimentation with Markov models was carried 
out using borelogs compiled by a number of organisations, including the 
New South Wales Department of Mineral Resources and Development and 
coal-mining companies. From these preliminary studies, it was concluded 
that these borelog data are unsuitable for Markov chain analysis and 
the results are not reported herein. The deficiencies in the data 
relate to the variability in logging techniques between geologists in 
different organisations. Disparities in the lithological definitions 
adopted by different geologists are evident upon referring the borelogs 
back to the borecore. Further, there is a lack of consistency regarding 
the scale of logging, not only between geologists, but in some cases 
within a single bore logged by an individual geologist. This is due 
partly to the nature of the geological data (sedimentary beds are not 
normally discrete entities and decisions concerning the emplacement of 
boundaries are necessarily subjective) and partly to the caprice of the
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Table 7. Bores used in Markov chain analysis.
Bore Co-ordinates3
Easting Northing
D.M. Wollongong 21 276 427. 760 1 200 777. 432
D.M. Wollongong 45 286 508. 948 1 207 096. 499
D.M. Camden 64 290 100 1 218 100 (approx.)
D.M. Camden 65 292 984. 847 1 217 737. 067
D.M. Camden 68 291 861. 213 1 222 502. 548
D.M. Camden 71 293 342. 451 1 220 373. 857
D.M. Camden 77 
D.M. Camden 86 298
not
675. 386
surveyed 
1 231 272. 306
a - Co-ordinates based on International Standard Grid.
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geologist logging the hole. Discrepancies also occur in the descriptions 
of interbedded thin units of very fine sandstone, siltstone and clay- 
stone, with many geologists preferring to lump the beds together, some 
to describe the beds separately, others to combine the beds, variously, 
with sandstone or with "shale7"siltstone"/"mudstoneH and yet others to 
use whichever of these methods seems intuitively appropriate to the core 
in hand. Rarely is any attempt made to quantify the proportions of, 
say, sandstone and mudstone in a thinly interbedded unit. A further 
shortcoming of the available borelog data is the brevity of the lithol­
ogical descriptions. The reporting of sedimentary structures and 
textures and the nature of boundaries between beds is the exception 
rather than the rule. The borelogs produced by one company consist of 
short descriptions of each formation (although the coal seams are logged 
in considerable detail). This "stratigraphic" logging procedure is 
obviously undesirable in view of the lateral lithological variation in 
the Southern Coalfield and the associated problem of correlating 
certain formation boundaries.
These shortcomings in the available borelog data rendered it 
necessary to re-log a number of bores in detail (Table 7). The bores 
were selected to encompass a wide area in the Southern Coalfield, 
although the choice was circumscribed by the availability of drill core 
covering the stratigraphic interval of interest, viz: from the Tongarra 
Coal to the Bui 1i Coal (Sydney Subgroup). Graphic borelogs were drawn 
for each bore (Appendix I) and these were used as the basis for Markov 
chain analysis. Each sequence was recorded in terms of numerically 
coded lithologies (Table 8) and corresponding bed thicknesses. In order 
to enhance the consistency of the scale of logging, the data were 
filtered prior to Markov chain analysis to ensure that the thickness of 
each unit (sedimentary bed) in the sequence attains a predefined minimum
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Table 8: Numerical code and threshold thickness for coal measure 
lithologies.
Threshold
Code Lithology Thickness (cm)
1 "Coarse sandstone" (medium to very coarse-graineda) 50
2 "Fine sandstone" (fine- to very fine-grained3 ) 50
3
jL
"Interbedded fine elastics" (very fine sand- 50
stone, si Its tone, cl ays tone3)
4 "Laminite"c 25
5 "Mudstone" (siltstone, claystone3 ; partly carbon- 25
aceous)
6 Coal 2.5
a - Grains!ze according to Wentworth scale.
b - Scale of interbedding: units 1-10 cm thick.
c - Laminae < 1 cm thick.
START
Figure 34: Flow diagram for filter pass computer program.
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Table 9: First-order Markov chain analysis results using technique 
described by Gingerich (1969): (A) bulk tally, (B)
. transition probability, (C) independent trials, and (D) 
difference matrices.
A Bulk tally matrix
1 2 3 4 5 6 ni
1 - 29 2 0 3 0 34
2 14 - 23 10 67 8 122
3 3 7 - 1 41 7 59
4 0 19 2 - 30 1 52
5 8 46 31 36 - 106 227
6 9 21 1 5 86 - 122
".j 34 122 59 52 227 122
B Transition probability matrix
1 2 3 4 5 6
1 - .853 .059 .000 .088 .000
2 .115 - .188 .082 .549 .066
3 .051 .119 - .017 .695 .119
4 .000 .365 .039 - .577 .019
5 .035 .203 .137 .158 - .467
6 .074 .172 .008 .041 .705 -
C Independent trials matrix
1 2 3 4 5 6
1 ■ - .210 .101 .089 .390 .210
2 .069 - .119 .105 .460 .247
3 .061 .219 - .093 .408 .219
4 .060 .216 .105 - .403 .216
5 .087 .314 .152 .113 - .314
6 .069 .247 .119 .105 .460 _
D Difference matrix
1 2
1 - +.643
2 + .046 ■ -
3 -.010 -.100
4 -.060 + .149
5 -.052 -.111
6 + .005 -.075
3 4 5
-.042 -.089 -.302
+.069 -.023 +.089
- -.076 +.287
-.066 - +.174
-.015 +.025
-.111 -.064
6
-.210 
-.181 
-.100 
-.197 
+ .153
+ .245
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thickness. The minimum thickness requirements (Table 8) were so defined 
as to ensure that units in the filtered sequences represent depositional 
events of comparable threshold magnitude. The strategy employed in the 
filter pass computer program is indicated in the flow diagram in Fig. 
34. The filter would have been applied during logging except for 
practical constraints upon the logging procedure. The filtered sequences 
were further revised to eliminate transitions between units of the same 
type. The resulting sequences were structured as first-order embedded 
and second-order Markov chains.
3.2.2 First-order Markov model
First-order embedded tally matrices Were constructed for 
each borehole sequence between the Tongarra and Bui 1i Coals. Since 
these matrices contain too few transitions to yield statistically valid 
results, a bulk tally matrix (Table 9A) was formed by summing the 8 
individual tally matrices. The requirement of equality between corres­
ponding row and column totals of the bulk tally matrix is met since each 
sequence begins and ends with the same lithology (coal).
(a) Test for stationarity
Prior to testing for the Markov property, it is necessary to 
ascertain that the transition probabilities are stationary throughout 
the sequence. In the present case of an embedded model, in which zero 
values are expected in the principal diagonal cells of the empirical 
tally matrix, the likelihood ratio criterion test of Anderson and 
Goodman (1957) is inapplicable. Consequently, the following approach 
was tailored to suit the nature of the data. D.M. Bores 21 and 86, 
judged on the basis of their geographical separation and the disparate 
total section thicknesses to be possibly the most dissimilar sequences 
in the suite, were contrasted with each other in a X contingency test.
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Table 10: Stationaryty test results. 
A Tally matrix for D.M. Bore 86
1 2 3 4 5 6
1 - 9 0 0 1 0
2 3 - 5 1 13 0
3 2 0 - 0 8 3
4 0 2 1 - 4 0
5 4 9 6 5 - 22
6 1 2 1 1 20 -
B "Scaled-up" tally matrix for D.M. Bore 21
1 2 3 4 5 6
1 - 5.00 0 0 5.00 0
2 0 - 4.88 2.44 12.23 2.44
3 0 2.60 - 0 7.80 2.60
4 0 3.50 0 - 3.50 0
5 2.90 8.65 8.65 5.75 - 20.13
6 2.78 5.55 0 2.78 13.88 -
C X2 matrix
1 2 3 4 5 6 x2i.
1 - 1.36 0 0 12.25 0 1.36(13.61)
2 2.08 - 0.03 0.88 0.01 0 3.00
3 1.13 0 - 0 0.01 0.00 1.14
4 0 0.50 0.25 - 0.25 0.00 1.00
5 0.09 0.00 0.77 0.01 - 0.08 0.95
6 1.64 1.68 0.25 1.64 1.58 - 6.79
x! . = 14.24 (or 26.49 , incl. X 1 5)
D Original state frequency proportions (%)
1 2 3 4 5 6
D.M. Bore 21 4.4 20.0 11.1 8.9 35 .6 20.0
D.M. Bore 86 8.1 17.9 10.6 5.7 37 .4 20.3
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The null hypothesis that the transition probabilities for the two bores 
are similar was tested against the alternate hypothesis that the values 
are dissimilar and, therefore, unlikely to have been produced from 
sequences of the same type. The level of significance for the test was 
set at 5/o. In order to ensure that any disparities between the tally 
matrices are due to differences in the underlying transition probab­
ilities as opposed to differences in the state frequency proportions or 
in the relative length of each sequence, the transition frequencies for 
D.M. Bore 21 were scaled up so that the row totals for the two matrices 
were identical. This was considered preferable to scaling down the 
values of D.M. Bore 86, because the X test is sensitive to the total
number of transitions in the matrix: the higher the total number of
2
transitions, the higher the value of the X statistic and, hence, the 
easier to reject the null hypothesis of stationarity. Conversely, the 
lower the total number of transitions, the more difficult it is to 
reject the null hypothesis. Therefore, the scaled-up values of D.M.
Bore 21 provide the more stringent stationarity test.
2
The matrix of X values (Table IOC) was obtained by contrasting 
the expected D.M. Bore 86 tally matrix (Table 10A) with the empirical 
D.M. Bore 21 tally matrix. Only one transition pair (n15: coarse 
sandstone -*■ mudstone) yielded a value above the critical X value of 
3.84 at 1 degree of freedom; the partial X value (X 15) is based on 
one transition only in both borehole sequences, and may be considered 
an artefact of the low cell values. The total X value, excluding the
value associated with nis is 14.24 which is less than the critical
a
value of 18.31 at 10 degrees of freedom . On the basis of this value, 2
2
a Total degrees of freedom = (6-1) - 14 (expected zeroes in DM86)
-1 (associated with n)
= 10
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A
B
4 Significant at 5%  level. 
Non-significant a t 5%  level, 
but more frequent than 
predicted by random model.
1 Coarse sandstone
2  Fine sandstone
3  Interbedded fine elastics
A Laminite
5  Mudstone
6  Coal
Figure 35: Preferred transition paths derived from
(A) difference matrix (after Gingerich, 1969) 
and (B) x2 test (after Read, 1969).
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the null hypothesis of stationarity is accepted. The relatively short 
length of each borehole sequence unfortunately precludes a similar 
approach to test for within-bore stationarity (however, see section (d) 
below).
(b) Application of Markov model of Gingerich (1969)
Following the method of Gingerich (1969), the transition probab­
ility and independent trials matrices were used to obtain a difference 
matrix (Table 9D) and preferred transition path (Fig. 35A). The 
preferred transition path involves fining upward from coarse sandstone 
to mudstone, followed by coal-mudstone oscillations. A weak tendency 
for oscillation to occur between the coarse and fine sandstone lithol­
ogies is suggested by the low positive difference probability of 0.046 
for the transition from fine to coarse sandstone. Fining upward may 
occur directly from fine sandstone to mudstone or, alternatively, may 
proceed via the interbedded fine elastics lithology. A new cycle is 
initiated by a weaker tendency for coal to revert to coarse sandstone.
In addition to this primary fining upward cycle, a secondary cycle 
involving coarsening upward from coal to mudstone to laminite to fine 
sandstone and thereafter gradual fining upward to coal, is also 
indicated by the preferred transition path; the high difference probab­
ility value of 0.174 associated with the laminite -> mudstone transition 
suggests that laminite, rather than fine sandstone, is commonly the 
coarsest member of this secondary cycle.
(c) Application of Markov model of Read (1969)
A randomised transition frequency matrix (Table 11A) with 
identical row sums to the bulk tally matrix was computed using the 
procedure described by Read (1969). The empirical and randomised tran­
sition frequencies were contrasted in a X contingency test using 
Yates' correction factor. The computed X value (210.864) exceeds the
Table 11: First-order Markov chain analysis results for 8 combined
borehole sequences: (A) randomised tally and (B) x2 matrices 
using technique described by Read (1969); (C) randomised 
tally and (D) x2 matrices using technique described by 
Doveton (pers. comm., 1976).
A Randomised tally matrix (after Read)
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1 2 3 4 5 6 ei.
1 - 7.127 3.447 3.038 13.261 7.127 34
2 8.397 - 14.571 12.842 56.061 30.129 122
3 3.601 12.923 - 5.508 24.045 12.923 59
4 3.135 11.248 5.440 - 20.929 11.248 52
5 19.841 71.193 34.429 30.344 - 71.193 227
6 8.397 30.129 14.571 12.842 56.061 - 122
*4 43.371 132.620 57.887 64.574 170.357 132.620
B X2 matrix (after Read)
1 2 3 4 5 6 x2i.
1 - 64.095 0.260 2.120 7.185 6.162 79.822
2 3.101 - 4.315 0.427 1.944 15.527 25.314
3 0.003 2.276 - 2.916 11.261 2.276 18.732
4 2.215 4.676 1.589 - 3.510 8.448 20.438
5 6.482 8.565 0.249 0.086 - 16.532 32.704
6 0.001 2.471 11.725 4.198 15.459 - 33.854
xf. = 210.864 , 19 d.f.
C Randomised tally matrix (after Doveton)
1 2 3 4 5 6 ei.
1 1.38 5.657 2.471 2.157 18.060 5.657 35.382
2 5.657 23.22 10.142 8.855 74.130 23.219 145.223
3 2.471 10.142 4.43 3.868 32.379 10.142 63.432
4 2.157 8.855 3.868 3.38 28.270 8.855 55.385
5 18.060 74.130 32.379 28.270 236.67 74.130 463.639
6 5.657 23.219 10.142 8.855 74.130 23.22 145.223
eO 35.382 145.223 63.432 55.385 463.639 145.223
D X2 matrix (after Doveton)
1 2 3 4 5 6 x2i.
1 - 92.240 0.000 1.273 11.738 4.701 109.952
2 10.874 - 15.058 0.047 0.593 9.331 35.903
3 0.000 0.688 - 1.450 2.037 0.688 4.863
4 1.273 10.505 0.484 - 0.054 6.109 18.425
5 5.061 10.298 0.024 1.849 - 13.275 30.507
6 1.429 0.127 7.364 1.271 1.744 - 11.935
X?. = 211.585 , 19 d.f.
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tabulated value (30.14) at 19 [(6-l)2-6] degrees of freedom and the 
null hypothesis that the observed sequence resulted from an independent 
events (random) process was rejected at the 1% significance level.
The statistical significance of individual transition frequencies 
was tested by comparing the X values associated with each transition 
pair with the tabulated value of 3.84 at 1 degree of freedom (5% sig­
nificance level). These X values (Table 1IB) were used to construct 
a revised preferred transition path, in which the transitions occurring 
more frequently than expected in a random sequence with identical state 
frequency proportions are grouped in the following two categories: 
transitions which are statistically significant or nonsignificant at 
the 5% level. The preferred transition path (Fig. 35B), in which the 
observed transition probabilities replace the more ambiguous difference 
probabilities, indicates that not all the transitions represented in 
Fig. 35A are statistically significant. The tendency for oscillation 
between the coarse and fine sandstone lithologies is no longer 
statistically significant; that is, the observed transitions can be 
explained in terms of an independent events process. Similarly, the 
tendency to fine upward directly from fine sandstone to mudstone is not
V 2supported by the results of the x test; fining upward tends to occur 
via the interbedded fine elastics lithology. Transitions of the type 
coal -> coarse sandstone, although occurring more frequently than in the 
corresponding random sequence, are statistically nonsignificant.
Finally, laminite + mudstone transitions are no longer significant. In 
spite of these discrepancies, the sense of the transition directions is 
identical in Figs. 35A and B since the independent trials matrix is 
effectively a probabilistic form of the randomised tally matrix.
(d) Application of Doveton's first-order Markov model
In the preceding randomised tally matrix (Table 11A)
-------- > Significant at 5%  level.
____ > Non-significant at 5%  level,
but more frequent than
.074
1 Coarse sandstone L> Laminite
2  Fine sandstone 5  Mudstone
3  Interbedded fine elastics 6  Coal
Figure 36: Preferred transition path derived from x2 test,
using technique described by Doveton (pers. comm., 
1976).
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discrepancies occur between the totals of corresponding rows and 
columns; the row totals, but not the column totals, are identical to 
those of the observed bulk tally matrix. Using the iterative method of 
Doveton (pers. comm., 1976), a randomised tally matrix possessing the 
required properties was computed. The expected values for transitions 
of the type n ^  (that is, transitions between like lithologies) 
stabilised after about 15 iterations of the formula
, 2 
, (ni  + d t )
d. = — ----- —
11 (n + d )
• • •
The stabilised values were inserted into the principal diagonal of the 
empirical bulk tally matrix and a randomised tally matrix was computed 
by the standard formula
eu
" i .  n o
The resulting matrix (Table 11C) is symmetrical and the row and column 
totals (excluding values along the principal diagonal) are identical 
to those of the bulk tally matrix. Nevertheless, there is no apparent 
way of testing that this is the most reliable method for obtaining the 
randomised tally matrix. The inevitable flaw of this method is that 
the computed values n ^  do not correspond to the actual self-trans­
itions in the observed sequence, but rather to the expected values in a 
random sequence; the actual self-transitions cannot be known.
The revised randomised tally matrix was used in a X contingency
2
test for the first-order Markov property. The computed value of the X 
statistic (211.585) is very similar to the previous value (210.864), 
although the partial-X2 values associated with each lithology (Table 
1 ID) are markedly dissimilar for all but the laminite and mudstone lith 
ologies. The revised transition path (Fig. 36) differs from Fig. 35B 
in a number of respects. However, the differences relate mainly to the
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statistical significance of the result, rather than to the sense of the 
preferred transition path. Fig. 36 also suggests the presence of two 
types of cycle in the Tongarra Coal-Bulli Coal interval: a fining up­
ward cycle and a fine-coarse-fine cycle. In order to enhance the 
definition of these two cycle types and achieve a closer approach to the 
requirement of stationarity, the following alternative first-order 
Markov model was developed. With reference to the graphic borelogs, 
individual cycles in each bore were classified according to their in­
ferred cycle type and the sequence fragments were re-combined into two 
tally matrices, one for each cycle type. With only 3 exceptions in a 
total of 81 delineated cycles, the cycles begin and end with coal, so 
that the requirement of equality between the row and column totals is 
approximately met in this model. For each tally matrix, the corres­
ponding transition probability matrix, randomised tally matrix (after 
Doveton, pers. comm., 1976) and X2 matrix (using Yates' correction) 
were computed (Tables 12, 13). The total X2 values of 154.42 and 48.51 
exceed the tabulated value of 19.68 (11 degrees of freedom, 5% signif­
icance level) and the null hypothesis of independent events is strongly
rejected in each case. In spite of the considerably higher number of
2
total transitions in the matrix for fine-coarse-fine cycles, the X 
value is much lower than for the fining upward cycles.
The preferred transition paths (Figs. 37A and B) reinforce the 
cyclic patterns inferred from the bulk tally matrix. The fining up­
ward sequence (Fig. 37A) consists of:
coarse -> fine -* interbedded -* mudstone coal
sandstone sandstone fine elastics
There is a strong tendency for oscillations to occur between coarse and 
fine sandstone, but the transitions from coal to mudstone and from 
interbedded fine elastics to mudstone are statistically nonsignificant
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Table 12: First-order Markov chain analysis results for combined fining
upward sequences: (A) tally, (B) transition probability,
(C) randomised tally and, (D) X2 matrices.
A Tally matrix
1 2 3-K 5 6 "i.
1 - 27 1 3 0 31
2 13 - 12 32 0 57
3+4 3 2 - 17 2 24
5 7 9 11 - 62 89
6 8 19 0 36 - 63
n-3 31 57 24 88 64 n.. = 264
B Transi tion probability matrix
1 2 3+4 5 6
1 - .871 .032 .097 .000
2 .228 - .211 .561 .000
3+4 .125 .083 - .708 .083
5 .079 .101 .124 - .697
6 .127 .302 .000 .571 -
C Randomised tally matrix (after Doveton)
1 2 3+4 5 6
1 3.20 6.618 2.419 14.288 7.485
2 6.618 13.68 4.999 29.529 15.470
3+4 2.419 4.999 1.83 10.791 5.653
5 14.288 29.529 10.791 64.59 33.616
6 7.485 15.470 5.653 33.616 17.94
D X2 matrix (after Doveton)
l 2 3+4 5 6 x 2 i .
1 59.730 0.349 8.145 6.518 74.742
2 5.228 - 8.454 0.132 14.486 28.300
3+4 0.003 1.249 - 3.020 1.759 6.031
5 3.225 13.585 0.008 - 23.129
39.947
6 0.000 0.593 4.697 0.106 -
5.396
X 2 = 154.416 , 11 d.f •
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Table 13: First-order Markov chain analysis results for combined fine-
coarse-fine sequences: (A) tally, (B) transition probability, 
(C) randomised tally, and (D) X matrices.
A Tally matrix
2 3 4 5 6 ni.
2 — 14 7 32 8 61
3 6 - 1 28 6 41
4 17 1 - 27 0 45
5 35 25 33 - 41 134
6 3 1 4 49 - 57
n.j 61 41 45 136 55 n.. = 338
B Transition probability matrix
2 3 4 5 6
2 - .230 .115 .525 .131
3 . 146 - .024 .683 .146
4 .378 .222 - .600 .000
5 .261 .187 .246 - .306
6 .053 .018 .070 .860 -
C Randomised tally matrix (after Doveton)
2 3 4 5 6
2 8.85 5.649 6.260 41.172 7.923
3 5.649 3.61 3.998 26.295 5.060
4 6.260 3.998 4.43 29.136 5.607
5 41.172 26.295 29.136 189.11 36.648
6 7.923 5.060 5.607 36.648 7.56
D X2 matrix (after Doveton)
2 3 4 5 6 x2i.
2 - 10.911 0.009 1.827 0.023 12.770
3 0.004 - 1.561 0.055 0.038 1.658
4 16.750 1.561 - 0.092 4.652 23.055
5 0.781 0.024 0.388 - 0.405 1.598
6 2.869 2.505 0.219 3.833 9.426
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A
.131
B
Significant at 5% level.
Non-significant at 5%  level, 
but more frequent than 
predicted by random model.
3  Interbedded fine elastics 
U Laminite
5  Mudstone
6  Coal
Figure 37: Preferred transition paths for (A) fining upward sequences
and (B) fine-coarse-fine sequences.
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(5% significance level). Although mudstone succeeds all lithologies 
except coarse sandstone more frequently than expected in the corres­
ponding random sequence, these one-step transitions to mudstone are 
statistically nonsignificant; this.suggests a strong stochastic element 
in the behaviour of mudstone in this context in the sequence. A strong 
probability (0.429) exists that coal will be succeeded by coarse or fine 
sandstone, thereby initiating a new cycle (although the two individual 
types of coal -*• sandstone transitions are statistically nonsignificant). 
It should be noted that because of the; artificial structuring of the 
sequences according to cycle type, this tendency for cycling back from 
coal to coarse elastics is built into the fining upward model. For the 
same reason, the following model for fine-coarse-fine cycles does not 
show any tendency for cycling back to coarse elastics. Obviously, by 
virtue of the occurrence of both types of cycle in all the sequences 
studied, the coals that top the fine-coarse-fine sequences are some­
times succeeded by coarse elastics and the coals topping the fining up­
ward cycles may be succeeded by clastic lithologies that coarsen upward 
gradually.
The fine-coarse-fine cycles (Fig. 37B) consist of:
coal + mudstone -* laminite -* fine •* interbedded -*■ mudstone coal
sandstone fine elastics
Transitions from coal to mudstone are significant at slightly above the 
5% level (5-10%). This contrasts markedly with the fining upward cycle 
in which mudstone behaves randomly as a succeeding lithology to fine 
sandstone, interbedded fine elastics and coal. A weak nonsignificant 
tendency exists for fine sandstone and interbedded fine elastics to be 
succeeded directly by coal, cutting short the development of the fining 
upward part of the cycle. Very weak oscillating behaviour occurs 
between laminite and fine sandstone and between interbedded fine
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elastics and fine sandstone. Although stronger than the oscillations 
in the clastic lithologies, oscillations between mudstone and coal are, 
nevertheless, statistically nonsignificant.
3.2.3 Second-order Markov model
Possible second-order Markov characteristics in the 
Tongarra Coal - Bui 1i Coal interval were investigated using the tech­
nique described in 2.4.6 (d). A second-order, single-dependence tally 
matrix was constructed for each bore and these matrices were summed to 
produce a bulk second-order matrix (Table 14A). This matrix approximately 
satisfies the requirement of equality between corresponding row and 
column totals. A statistical comparison between the observed 2-step 
transition frequencies and the frequencies predicted on the basis of a 
pure first-order Markov model (Table 14C), resulted in the rejection of 
the null hypothesis that the observed frequencies are due to the 
compound effects of first-order elements of memory alone; that is, the 
2-step transition frequencies are not explained completely by a first­
order Markov process and the sequence should be investigated further 
for higher-order Markov properties.
Although the computed X2 value of 55.047 is greater than the 
tabulated value of 37.65 (25 degrees of freedom, 5% significance level), 
only the following 2-step transition types are associated with 
statistically significant X2 values (1 degree of freedom, 5% 
significance level):
(a) laminite laminite (X = 11.574);
2
(b) coal +...+ coarse sandstone (X 61= 7.720);
(c) coarse sandstone fine sandstone (X 12= 5.438).
Each of these 2-step transition types occurs more frequently than 
predicted by the pure first-order Markov model.
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Table 14: Second-order Markov chain analysis results: (A) observed
bulk 2-step tally matrix; (B) 2-step transition probability 
and (C) tally matrices predicted by pure first-order Markov
A
model; (D) X2 matrix associated with the difference between 
matrices A and C.
Bulk 2-step tally matrix 
1 2 3 4 5 6 ni.
1 5 3 3 1 21 1 34
2 4 36 14 6 28 34 122
3 3 11 7 5 10 23 59
4 2 6 6 15 15 8 52
5 7 45 16 5 138 8 219
6 12 21 13 18 10 48 122
nO 33 122 59 50 222 122
B Predicted 2-step transition probability matrix
1 2  3 4 5 6
1 .104 .025 .172 .085 .509 .104
2 .034 .272 .086 .093 .235 .280
3 .047 .211 .122 .125 .163 .333
4 .067 .125 .148 .123 .240 .298
5 .065 .184 .050 .038 .629 .032
6 .045 .222 .135 .125 .131 .342
C Predicted 2-step tally matrix
1 2 3 4 5 6
1 3.536 0.850 5.848 2.890 17.306 3.536
2 4.148 33.184 10.492 11.346 28.670 34.160
3 2.773 12.449 7.198 7.375 9.617 19.647
4 3.484 6.500 7.696 6.396 12.480 15.496
5 14.235 40.296 10.950 8.322 137.751 7.008
6 5.490 27.084 16.470 15.250 15.982 41.724
D X2 matrix
1 2 3 4 5 6
1 .606 5.438 1.387 1.236 .788 1.819
2 .005 .239 1.173 2.519 .016 .001
3 .019 .169 .005 , 7.65 .015 .572
4 .632 .038 .374 11.574 .509 3.626
5 3.677 .549 2.329 1.326 .000 .140
6 7.720 1.367 .731 .500 2.239 .944
X2. = 55.047 , 25 d.f.
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A test for higher-order properties was carried out by examining 
the frequencies of "triplets". (A "triplet" is defined herein as a set of 
three successive lithologies, in ascending order in the sequence.)
The observed frequency for each triplet in the 8 combined borehole 
sequences was individually tested against the frequency predicted by 
the random model using a X 2 test with one degree of freedom (Table 15). 
Those triplets characterised by (a) higher frequencies than predicted 
by the random model, and (b)X values exceeding 3.84 (the critical value 
at 5% significance level, 1 degree of freedom) are listed in Table 16. 
These triplets may owe their significance to the compound effect of 
elements of first-order memory; that is, the frequent occurrence of a 
triplet x -* y z may be due to the strong first-order memory of y for 
x and of z for y. Alternatively, the prominence of x -* y z may be 
due to elements of higher-order memory. As a further approach to 
determining the order of the process giving rise to the triplets, the
observed frequencies were tested against those predicted by the pure
2
first-order Markov model. Those triplets associated with X values less 
than the critical value of 3.84 are deemed to be explained adequately by 
a first-order process and are therefore eliminated from further inves­
tigation for higher-order properties. Only 3 triplets from a total of 
150 triplet types occur more frequently than predicted by the first­
order model (Table 17); these triplets are:
2
(a) coal -»• fine sandstone -> coarse sandstone (X 62i = 10.724);
2
(b) laminite mudstone -* laminite (X = 9.636);
2
(c) coarse sandstone ■* mudstone fine sandstone (X 1 52= 5.904).
In view of the small number of occurrences (3) of triplet (c), 
the statistical significance of this triplet is doubtful. These results 
suggest that with 2 or 3 exceptions, the most common triplets are more 
likely to be due to a first-order Markov process than to a higher-order
138
Table 15: X2 values associated with the difference between observed 
triplet frequencies (t0 ) and predicted triplet frequencies 
based on the random model (tp).
iplet Observed Predicted X 2 value
frequency
(t0 )
frequency
(tp)
t0 > tp t0 < tp
121 5 ,0.372 45.807a
123 3 0.650 5.265a
124 1 0.568 0.008
125 19 2.503 102.239a
126 1 1.346 0.018
135 2 1.208 0.071
152 3 2.503 0.000
212 11 1.335 62.9193
213 1 0.644 0.032
215 2 2.483 0.000
231 2 0.644 1.138
232 2 2.331 0.012
234 1 0.984 0.238
235 15 4.333 23.856a
236 3 2.331 0.012
242 5 2.039 2.970
245 4 3.792 0.022
246 1 2.039 0.142
251 2 2.483 • 0.000
252 18 8.983 8.075s
253 13 4.333 15.39 3a
254 4 3.792 0.022
256 30 8.983 46.860a
264 1 2.039 0.142
265 7 8.983 0.245
312 3 0.646 5.321a
323 1 1.127 1.235
325 5 4.344 0.006
326 1 2.336 0.299
345 1 1.834 0.061
351 1 1.201 0.074
Table 15 continued.
Triplet Observed Predi cted X2 value
frequency
( t o )
frequency
(tp )
A*J> t o  < tp
352 7 4.344 1.070
353 6 2.096 5.528a
354 5 1.834 3.873a
356 22 4.344 67.755
361 2 6.458 6 .426a
362 1 2.336 0.299
365 4 4.344 0.006
423 1 0.993 0.245
424 3 0.869 3.061
425 13 3.829 19.636a
426 2 2.059 0.094
431 1 0.275 0.184
435 1 1.847 0.065
451 1 1.058 0.185
452 6 3.829 0.729
453 5 1.847 3.811
454 12 1.616 60.4543
456 6 3.829 0.729
465 1 3.829 1.417
512 8 2.485 10.121a
521 1 2.485 0.390
523 13 4.337 15.364a
524 3 3.795 0.023
525 25 16.714 3.627
526 4 8.989 2.242
532 5 4.337 0.006
535 22 8.063 22.393a
536 4 4.337 0.006
542 12 3.795 15.643a
543 2 1.831 0.060
545 22 7.055 29.576a
561 6 2.485 3.658
562 20 8.989 12.291a
563 1 4.337 1.856
564 2 3.643 0.359
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Table 15 continued.
Triplet Observed
frequency
(tQ )
Predicted
frequency
(tp )
x2
> tp
val ue
to < tp
565 69 16.714 160.452s
612 7 1.335 19.9833
613 1 0.644 0.032
615 1 2.483 0.389
621 8 1.335 28.470a
623 5 2.331 2.018
624 3 2.039 0.104
625 5 8.983 1.350
635 1 4.333 1.852
642 2 2.039 0.104
645 3 3.792 0.022
651 4 2.483 0.417
652 12 8.983 0.705
653 7 4.333 1.084
654 15 3.792 30.238a
656 48 8.983 165.152s
a Statistically significant at 5% significance level, 1 deg. fr
141
Table 16: Triplets occurring more frequently than predicted by the 
random model, listed in order of decreasing statistical 
significance.
Triplet X2 value
Coal+mudstone+coal 165.152
Muds tone-*coal-»muds tone 160.452
Coarse sandstone+fine sandstone-nnudstone 102.239
Interbedded fine clastics-*midstone+coal 67.755
Fine sandstone+coarse sandstone+fine sandstone 62.919
Laminite+mudstone-Haminite 60.454
Fine sandstone-nnudstone+coal 46.860
Coarse sandstone+fine sandstone->coarse sandstone 45.807
Coal+mudstone+laminite 30.238
Mudstone^laminite+mudstone 29.576
Coal+fine sandstone+coarse sandstone 28.470
Fine sandstone-nnterbedded fine clastics-midstone 23.856
Mudstone^interbedded fine clastics-nnudstone 22.393
Coal-^coarse sandstone-^fine sandstone 19.983
Laminite+fine sandstone^mudstone 19.636
Mudstone^!aminite^fine sandstone 15.643
Fine sandstone^mudstone^interbedded fine elastics 15.393
Mudstone-^fine sandstone-Hnterbedded fine elastics 15.364
Mudstone-^coal^fine sandstone 12.291
Mudstone+coarse sandstone-^fine sandstone 10.121
Fine sandstone^mudstone+fine sandstone 8.075
Interbedded fine clastics-nnudstone-Hnterbedded fine elastics 5.528
Interbedded fine clastics-*coarse sandstone+fine sandstone 5.321
Coarse sands tone^-fine sands to ne-^interbedded fine elastics 5.265
Interbedded fine clastics+mudstone+laminite 3.873
a - Observed triplet frequency < 5
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Table 17: X2 values associated with the difference between observed 
triplet frequencies (i^) and predicted triplet frequencies 
based on pure first-order Markov model (tp ).
Triplet Observed
frequency
(>)
Predicted
frequency
(tp )
CM
A value
t o  < tj
121 5 3.335 0.407
123 3 5.452 0.699
124 1 2.378 0.324
125 19 15.922 0.417
126 1 1.914 0.090
135 2 1.394 0.008
152 3 0.607 5.904a
212 11 11.968 0.018
213 1 0.828 0.130
215 2 1.235 0.057
231 2 1.170 0.093
232 2 2.729 0.019
234 1 0.390 0.031
235 15 15.941 0.012
236 3 2.729 0.019
242 5 3.651 0.197
245 4 5.772 0.280
246 1 0.190 0.506
251 2 2.344 0.010
252 18 13.597 1.120
253 13 9.176 1.204
254 4 10.583 3.496
256 30 31.279 0.019
264 1 0.330 0.088
265 7 5.677 0.119
312 3 2.567 0.002
323 1 1.320 0.068
325 5 3.855 0.108
326 1 0.463 0.003
345 1 0.579 0 . 0 1 1
351 1 1.435 0.003
Table 17 continued.
Triplet Observed
frequency
(t
Predi cted 
frequency 
(tp)
x2
t o •> t p
val ue
to <
352 7 8.324 0.082
353 6 5.618 0.002
354 5 6.479 0.148
356 22 19.149 0.289
361 2 0.520 1.847
362 1 1.208 0.071
365 4 4.950 0.041
423 1 3.568 1.199
424 3 1.556 0.573
425 13 10.420 0.415
426 2 1.253 0.049
431 1 0.103 1.530
435 1 1.409 0.006
451 1 1.050 0.193
452 6 6.091 0.027
453 5 4.111 0.037
454 12 4.741 9.636?
456 6 14.012 4.02/
465 1 0.697 0.056
512 8 6.777 0.077
521 1 5.299 2.724
523 13 8.663 1.699
524 3 3.779 0.021
525 25 25.298 0.002
526 4 3.041 0.069
532 5 3.701 0.172
535 22 21.614 0.001
536 4 3.701 0.011
542 12 13.091 0.027
543 2 1.399 0.007
545 22 20.695 0.031
561 6 7.845 0.231
562 20 18.234 0.088
563 1 0.848 0.143
564 2 4.346 0.784
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Table 17 continued.
Triplet Observed
frequency
(to)
Predicted
frequency
(tp )
2
X
to > tp
value
to tp
565 69 74.736 0.367
612 7 7.701 0.005
613 1 0.533 0.002
615 1 0.794 0.109
621 8 2.413 10.724*
623 5 3.945 0.078
624 3 1.721 0.353
625 5 11.520 3.146
635 1 0.678 0.047
642 • 2 1.825 0.058
645 3 2.886 0.052
651 4 3.010 0.080
652 12 17.460 1.409
653 7 11.783 1.577
654 15 13.590 0.061
656 48 40.167 1.339
a - Statistically significant at 5% significance level, 1 deg. fr.
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process and the coal measure sequence is described adequately by a
dominantly first-order process,with possible elements of higher-order 
memory superimposed.
3.2.4 Entropy
The nature and degree of lithological ordering in the 
Tongarra Coal - Bui 1i Coal succession were investigated further in terms 
of the entropy properties of the first-order Markov matrix. The 
partial entropy values E-^p and E\(p°st) (Hattori, 1976) indicate 
the degree of randomness for each lithology with respect to the 
preceding and succeeding lithologies, respectively. In the present 
study, base 2 logarithms were employed so that the entropy values can 
be compared with the values obtained by Hattori (1976) for the Permian 
sequence of the Fujibashi area, Japan; such a comparison is valid 
because Hattori distinguished an identical number of lithological states 
(6) to the present study. The normalised entropy values Ri^pre  ̂ and 
Ri(post) are a-|so given. Both sets of entropy values (E-l and R ^  for 
the Sydney Subgroup succession are given in Table 18 and plotted in Fig. 
38. The graphs show a distribution of Ei and Ri values similar to 
Hattori's type A.4 cyclic succession, which is characterised by "lower, 
upper and two-side truncated asymmetric cycles" - a description which 
does not provide much insight into the nature of ordering. However, 
the entropy plots are revealing. The large entropy values associated 
with mudstone and fine sandstone indicate a high degree of variability 
(randomness) with respect to both the preceding and succeeding lithol­
ogies. The low values of E.Jpost  ̂ and Rjrpost  ̂ for coarse sandstone 
indicate a high degree of determinism exercised by this lithology over 
the succeeding lithology, whereas the high values of E ^ pre  ̂ and 
Ri(pre) are indicative of variability in the type of lithology which
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Table 18: Results of entropy study: "downward" bulk tally and
transition probability matrices; E± and Ri entropy values; 
maximum, average and total entropy; and degree of ordering.
Downward bulk tally matrix
1 2 3 4 5 6 ni.
1 - 14 3 0 8 9 34
2 29 - 7 19 46 21 122
3 2 23 - 2 31 1 59
4 0 10 1 - 36 5 52
5 3 67 41 30 - 86 227
6 0 8 7 1 106 - 122
Downward transition probability matrix
1 2 3 4 5 6
1 - .412 .088 .000 .235 .265
2 .238 - .057 .156 .377 .172
3 .034 .390 - .034 .525 .017
4 .000 .192 .019 - .692 .096
5 .013 .295 .181 .132 - .379
6 .000 .066 .057 .008 .869 -
Entropy values:
Lithology ^ . ( p o s t ) E ^ p r e ) p ( p o s t ) R i ( p '
1 0.745 1.834 0.321 0.790
2 1.842 2.114 0.793 0.911
3 1.415 1.450 0.609 0.624
4 1.280 1.258 0.551 0.542
5 1.963 1.963 0.846 0.846
6 1.315 0.726 0.566 0.313
Maximum entropy: 2.322
Average entropy: 2.311
Total entropy: 2.002
Degree of ordering: 0.134
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Figure 38: Graphical plots of entropy values. Partial entropy
before deposition (abscissa) is plotted against partial 
entropy after deposition (ordinate). (A) Non-normalised 
entropy values; (B) normalised entropy values.
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precedes coarse sandstone. The least variability in preceding lithol­
ogies is shown by coal, as suggested by the low values of and
Ri{Pre).
The average entropy (<j> ), which expresses the variability
attributable to differing state frequencies irrespective of the degree
of lithological ordering, was calculated using the method described by
Allegre to be 2.311 (using base 2 logarithms). The corresponding total
entropy value $ (where <j> = E P± H  , P± = marginal probability, and
T T 1 ^
<j>. is the partial entropy for the "upward" transition probability 
matrix) is 2.002. The resulting value for the degree of ordering D 
(where D = 1 - <j> /<j> ) is 0.134, indicating a low degree of ordering/ 
high degree of randomness in the Sydney Subgroup succession.
3.3 Analysis of lateral variation in cyclic characteristics of the 
Sydney Subgroup
The lateral variations in the cyclic characteristics of the 
Tongarra Coal - Bui 1i Coal interval (Sydney Subgroup) were investigated 
using polynomial regression analysis. Individual cycles were delineated 
in each bore, and the frequency and mean thickness of cycles in each 
borehole section were then correlated with the total thickness of the 
Tongarra Coal - Bui 1i Coal interval. This approach was first applied 
by Duff and Walton (1964) to the cyclic sequences in the Modioiaris 
zone (Lower Westphalian) in the East Pennine Coalfield. Similar 
regression studies have since been carried out by Duff (1967) and 
Johnson and Cook (1973) on cyclic sequences in the Sydney Basin, and by
Read ana Dean (1967, 1976) and Casshyap (1975) on European Carboniferous 
cyclic sequences.
The quantitative analysis of cycles by Duff (1967) in relation
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to the Sydney Subgroup revealed a modal cycle of fining upward type, 
consisting of:
sandstone + sandstone/siltstone + shale + coal 
alternations
A great variety of cycle types was noted, however, and the definition of 
a fining upward cycle was not used to delineate individual cycles within 
boreholes. Because a preponderance of cycles began with sandstone,
Duff entertained the possibility of using the bases of sandstone units 
to define the bases of successive fining upward cycles. This was not 
adopted, however, because of the lack of lateral persistency of many 
sandstones and the uncertainty of establishing a sharp contact between 
the basal sandstone and the underlying lithology. Duff considered that 
coal seams were the least ambiguous cycle marker horizons and accord­
ingly he adopted the definition of a coal-cycle consisting of at least
0.6 m of clastic sedimentary rocks overlain by a coal seam.
In relation to the Moon Island Beach Subgroup, Johnson and Cook 
(1973) derived a fining upward cycle of the following type from the 
bulk difference matrix of a first-order Markov model:
conglomerate + sandstone claystone -* coal
This definition of a cycle was used as the basis for delineating cycles 
in each borehole sequence. The detailed strategy for recognising cycles 
required at least 3 successively finer lithologies in each cycle, each 
lithology exceeding a predefined threshold thickness; oscillating 
lithologies were incorporated into the current cycle. Johnson and Cook 
also divided the sequences into coal-cycles, each of which was required 
to contain a minimum aggregate thickness of 1.5 m of elastics between 
successive coal units; they emphasised, however, that coal seams are of 
doubtful significance as cycle marker horizons in the upper part of the
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Table 19: Bores and data used in regression analysis.
Bore
name
Co­
Easting
-ordinates
Northing
Total
thickness
(m)
No. O f  
cycles
Ave. cycle 
thi ckness 
(m)
D.M. Wollongong Bores
15 256 435.312 1 201 542.855 54.59 6 9.10
17 263 300.406 1 202 425.831 82.94 8 10.37
21 276 427.760 1 200 777.432 100.68 10 10.07
22 278 582.445 1 199 652.449 107.23 8 13.40
23 257 578.798 1 205 115.112 79.13 8 9.89
24 259 148.089 1 204 800.758 79.28 8 9.91
25 263 154.204 1 204 367.627 91.20 8 11.40
26 264 946.504 1 203 447.702 96.83 7 13.83
27 270 704.236 1 206 904.654 110.40 11 10.04
28 272 925.271 1 205 029.419 103.72 9 11.52
29 275 785.526 1 203 525.866 110.37 10 11.04
30 258 033.049 1 208 637.995 91.78 8 11.47
31 260 412.999 . 1 207 999.870 90.28 8 11.29
32 263 633.326 1 208 214.372 108.63 13 8.36
33 267 772.294 1 207 244.154 110.03 6 18.34
34 268 433.546 1 204 868.774 108.42 11 9.86
35 271 728.030 1 207 730.399 114.60 10 11.46
37 278 251.611 1 205 977.956 119.85 10 11.98
39 266 048.571 1 208 789.675 108.05 8 13.51
42 276 260.611 1 208 625.398 120.18 9 13.35
43 280 649.061 1 209 662.858 124.79 10 12.48
44 282 555.279 1 208 024.275 116.80 7 16.69
45 286 508.958 1 207 096.499 120.98 9 13.44
D.M. Camden Bores
53 284 260.424 1 210 841.629 127.99 11 11.64
56 283 485.885 1 213 646.020 139.23 9 15.47
57 287 557.467 1 212 806.829 145.08 8 18.14
59A 282 254.082 1 217 151.350 143.93 10 14.39
61 290 734.090 1 215 420.483 155.17 12 12.93
64 2 9 0 1 0 0 1 2 1 8 1 0 0 ( a p p r o x .) 212.60 13 16.35
6 5 2 9 2 984.847 1 217 737.067 237.65 15 15.84
71 293 342.451 1 220 373.857 223.17 14 15.94
75 2 9 8 6 2 9 . 4 8 0 1 226 333.192 312.30 19 16.44
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Newcastle Coal Measures.
In the present study, the results of Markov chain analysis were 
used as the basis for delineating cycles. Both types of cycle distin­
guished - fining upward and fine-coarse-fine cycles - were delineated 
using coal units as boundary markers. The cycles were defined as the 
interval between the tops of successive coal seams; the minimum cycle 
thickness was arbitrarily set at 1.5 m, including at least 1.0 m of 
elastics.
For each of the 32 bores in Table 19 the following data 
pertaining to the Tongarra Coal - Bui 1 i Coal interval were noted: 
total thickness of the interval, number of cycles and average cycle 
thickness. The relations between the following pairs of variables were 
investigated using least-squares polynomial regression analysis (where 
x is the independent variable and y is the dependent variable):
(i) number of cycles (y) and total thickness of interval (x),
(ii) average cycle thickness (y) and total thickness of interval (x),
(iii) average cycle thickness (y) and number of cycles (x).
First-, second- and third-degree equations were fitted to the data; the 
relevant regression equation coefficients and analysis-of-variance data 
are given in Table 20. The correlation coefficients for each pair of 
variables are also given in Table 20 and the results are depicted 
graphically in Fig. 39.
In terms of the sign, strength and statistical significance of 
the correlation coefficients, the relations among the cyclic variables 
are as follows:
(i) a strong, highly significant, positive correlation between the 
number of cycles and the total thickness of the Tongarra Coal - 
Bui 1 i Coal intervals;
(ii) a moderately strong, highly significant, positive correlation
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Table 20: Regression analysis results
I No. of cycles (y) versus total thickness (x)
II Ave. cycle thickness (y) versus total thickness (x)
III No. of cycles (y) versus ave. cycle thickness (x)
Source of variation: i h III
1° equation 74.5a 38.4* 2.7d
2° equation 74.9a 46.9a 14.5d
3° equation 75.2a 47.0* 17.3d
pure quadratic term 0.5d 8.5° 11.8d
pure cubic term 0.3d 0.1d 2.8d
Coefficients:
1° equation 4.0399 28.7702 36.8252
0.0138 0.0319 0.5316
2°equation 5.2431 11.4661 69.7113
0.0089 0.1037 -5.6048
0.0000 -0.0001 0.2634
3° equation 3.2758 7.1035 123.3175
0.0214 0.1314 -20.6321
-0.0000 -0.0001 1.5825
0.0000 0.0000 -0.0361
Correlation coefficients: 0.8633 0.619* 0.165e*
Significance levels (%): a < 0.01; b 0.01 - 0 .1;
c 0.1-5; d > 5
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(>) Number of cycles 
vs
(x) Total thickness (m)
Figure 39: Graphs showing the inter-relations among cyclic 
variables relating to the Tongarra Coal - Bui 1i
Coal interval.
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between the average cycle thickness and the total thickness of 
the interval;
(iii) a low, positive correlation between the number of cycles and 
the average cycle thickness, although this correlation is not 
significant at normal confidence levels.
Despite the moderately strong correlation between both the 
number and average thickness of cycles and the total section thickness, 
the degree of correlation between the number and average thickness of 
cycles is very low and is statistically nonsignificant. This poor 
correlation may be partially due to such factors as heteroscedasticity 
(departure from constant variance) in the data set; autocorrelation in 
the deviations from the regression line; or other irregular properties 
of the data (e.g. the number of cycles is an integer variable; the 
average cycle thickness is a ratio variable and is a function of the 
number of cycles). A further possible reason for the poor correlation 
in relationship (iii) above is a departure from linearity in relations
(i) and (ii). Although the linear regression explains 74.5% of the 
variance for the relation between the number of cycles and total thick­
ness (Table 20), only 38.4% of the variance associated with the relation 
between the average cycle thickness and total thickness is explained by 
the linear regression. In the latter case, moreover, the pure quadratic 
term in the second-degree equation explains an additional 8.5% of the 
variance, representing a statistically significant improvement over the 
linear equation; the second-degree equation explains almost half (46.9%) 
of the total variance. The coefficient of the quadratic term in the 
second-degree equation is negative in sign (Table 20). As shown in 
section 2.3.3 and particularly in Fig. 33, this form of the second- 
degree equation implies a diminishing rate of increase in average cycle 
thickness with increasing total thickness. In other words, the total
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section thickness is increasing at a greater rate than the average 
cycle thickness. This decline in the rate of cycle thickening into 
areas of thicker total section, may be due to variation across the 
basin in the proportions of the two types of cycle distinguished by 
Markov chain analysis. This is suggested by the following facts:
(a) the average thickness of all fining upward cycles (16.08 m) is 
greater than the average thickness of all fine-coarse-fine 
cycles (10.26 m), as indicated by Fig. 40; and,
(b) the proportion of (relatively thinner) fine-coarse-fine cycles
appears to increase into areas of thicker total section, as 
• ' 
indicated in Fig. 41.
The geological implications of these statistical investigations 
of the cyclic characteristics of the Sydney Subgroup are discussed in 
section 5.1.
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B. Fine -  coarse -  fine cycles 
(mean = 10 26 m)
Cycle thickness (m )
Figure 40: Thickness frequency distributions for (A) fining 
upward cycles, (B) fine-coarse-fine cycles, and 
(C) all cycles in 8 borehole sections of the 
Tongarra Coal-Bull i Coal interval.
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Figure 41: Plot of frequencies of fining upward and fine-
coarse-fine cycles versus total thickness of the 
Tongarra Coal - Bui 1i Coal interval.
CO
CD
CJ
L J
M—
o
6
12­
10
8
6
4
2
158
Chapter 4
RELATION BETWEEN FORMATION STRUCTURE AND THICKNESS 
IN THE SOUTHERN SYDNEY BASIN
4.1 Introduction
An obvious broad-scale relation exists between the structure and 
thickness of the Permo-Triassic strata of the Sydney Basin, with the 
thickness maxima occurring in the axial portion of the syncline.
Despite extensive subsurface exploration and the application of quanti­
tative methods of investigation during the last 15 years, however, the 
detailed relation between structure and thickness on a smaller-scale 
remains in dispute.
In the southern Sydney Basin an inverse relation between the 
structural elevation (relative to sea level) and formation thickness 
has been recorded by several workers, including Wilson et ai. (1958), 
Cramsie (1964), Cook (1969a, 1969b, 1978), Bunny (1972), Stuntz (1972), 
Bembrick et ai. (1973), Bowman (1974), and Cook and Johnson (1975).
The existence of such a relation in the Southern Coalfield has been 
questioned by Duff (1967) and, with respect to the structure and thick­
ness of the Bui 1i Coal, by Shibaoka and Bennett (1975, 1976); the latter 
authors explained the thickness variations of the Bui 1i Coal in terms 
of penecontemporaneous erosion. In the northeast of the Sydney Basin 
a similar inverse relation between formation structure and thickness 
has been reported by Branagan and Johnson (1970) and by Johnson 
(1973, 1974).
Attempts have been made to relate formation thickness in the 
southern Sydney Basin to structural highs and lows by comparing isopach 
maps with data from structure-contour maps (e.g. Cramsie, 1964; Bunny,
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1972). This technique suffers from the difficulty of recognising 
thickness anomalies and distinguishing accurately and objectively 
between structurally positive and negative domains using contour-type
maps. This problem becomes more acute in areas of irregular control­
point spacing.
Krumbein (1959) demonstrated the effectiveness of trend-surface 
analysis in studying the patterns of variation in areally distributed 
data with irregular control-point spacing. Cook (1969a) employed this 
technique to analyse the patterns of variation in structure and thick­
ness of the Bui 1i Coal in the southern Sydney Basin and observed a 
significant inverse correlation between the two variables on both a 
regional and a local scale. On the basis of this correlation it was 
postulated that present-day structures are an intensification of 
structures which were active during the accumulation of the Bui 1i Coal 
and which controlled the thickness of the coal seam. It was shown in 
later studies (Cook and Johnson, 1975; Cook, 1978) that other properties 
of coal seams, including swelling number, ash yield, phosphorus content 
and coal rank (in terms of vitrinite reflectance) are also amenable to 
investigation using trend-surface analysis. Cook and Johnson (1975) 
also examined the inter-relations among a number of coal properties 
using the related technique of canonical trend-surface analysis. From 
the results of this study, the authors postulated (p. 537) that 
"differential subsidence controlled the areal distribution of coal 
properties and seam thickness and that the form of the contemporaneous 
structures is still preserved in the present-day structure".
Johnson (1973, 1974) studied the relation between formation struc­
ture and thickness in the Moon Island Beach Subgroup, Newcastle Coal 
Measures, using trend-surface analysis. From these studies Johnson 
concluded that the Macquarie Syncline and several smaller-scale
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structures were active during sedimentation and influenced the thickness 
of both the coal and epiclastic formations, although the regional 
southeasterly dip was considered to have been superimposed after the 
close of Triassic sedimentation.
In the present study, trend-surface analysis is employed to 
investigate further the hypothesis of structural control over sedimen­
tation in the southern Sydney Basin using data covering a major part of 
the Permo-Triassic succession. The patterns of formation structure and 
thickness variation were analysed into a regional (trend) and a local 
(residual) component and the relations between the variables are 
quantitatively evaluated at each scale. The results for successive 
Permo-Triassic formations are compared with a view to better under­
standing the tectono-sedimentary evolution of the region.
4.2 Conceptual and mathematical background to trend-surface analysis
4.2.1 Concept of trend-surface analysis
Polynomial trend-surface analysis is appropriate to 
structural studies of gently deformed sedimentary basins, in which the 
aim is to isolate local geological features from relatively simple 
regional trends. Low-order polynomial equations (involving one 
dependent and two independent variables) describe surfaces of relatively 
simple configuration and are, therefore, useful for modelling the 
regional trend components in such studies. The reduced levels of 
stratigraphic horizons or thicknesses of stratigraphic intervals are 
amenable to this type of analysis. By comparison, a low-order double 
Fourier surface is far more complex (and contains more terms in the 
corresponding equation) than a polynomial model of the same order and 
is, therefore, inappropriate for analysing simple variations. A
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relatively high-order polynomial model also conforms more closely to a 
very complex surface than a lower-order double Fourier model containing 
a similar number of terms (see Harbaugh and Merrlam, 1968, Table 6-9). 
The Fourier model is, however, more useful in analysing geological 
properties which involve periodic variations (e.g. mineral concentrations 
which have been influenced by intersecting fault sets).
The application of the polynomial trend-surface model involves 
fitting polynomial surfaces of increasing complexity to the data. In 
this way the trend component in the dependent variable can be analysed 
in terms of a number of different elements, including regional dip 
(first-order polynomial), simple parabolic flexure (second-order poly­
nomial), and so on. The polynomial surfaces are usually fitted 
according to the least-squares principle and, hence, the equation co­
efficients are uniquely determined. The choice of the general poly­
nomial form is, however, quite arbitrary and is not intended to pre­
suppose the nature of the geological factors responsible for the trend. 
Although arbitrary, the choice is not entirely subjective: an 
indication of the appropriateness of a given polynomial model can be 
gleaned from analysis-of-variance tests. These involve determining the 
amount of variation (in the dependent variable) explained by a given 
polynomial surface. A modified test can be used to determine which of 
a series of polynomials of increasing degree is most appropriate and 
when the further addition of terms ceases to improve the fit of the 
model to the data.
The general form of the polynomial model is also partly dictated 
by the purpose of the study. The present study is concerned with 
analysing not only the regional trends in structure and thickness, but 
also the local features, which may be reflected in the residual 
variation (or departure from the regional trends). As Cook (1969a,
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p. 55) pointed out, the distinction between large-scale (trend) 
components and small-scale (local) features is arbitrary, depending 
upon the number of terms in the trend surface equation and the size of 
the area considered; a local feature can be incorporated into the trend 
by increasing the number of terms in the trend equation or by con­
sidering a smaller area. Conversely, if the aim of a study were to 
explain all the variation in a geological parameter, the number of 
terms in the trend equation would be increased until the residual 
variation became a constant minimum.
These two approaches to trend-surface analysis are termed partial 
and total trend-surface analysis. In the latter type of analysis, the 
aim is to increase the complexity of the trend surface to account for 
all the nonrandom variation in the data, leaving only random noise in 
the residuals. The computer program by Cole (1969) entails the total 
trend approach and a modified version of this program has been used 
as a contouring routine in the present trend-surface study. Cole's 
method assumes an initial trend surface which is subsequently modified 
incrementally across the map area by means of a quadratic weighting 
process; that is, the fit of the trend to the data is improved by super­
imposing quadratic bumps upon it. The modified surface is subsequently 
smoothed to remove discontinuities between the bumps and the trend 
surface. The process of quadratic modification and smoothing is 
reiterated 2 or 3 times to achieve total fit if the initial trend 
surface fits the data reasonably well; otherwise, up to 10 to 12 
iterations may be necessary.
In partial trend-surface analysis a series of simple trend- 
surfaces is computed which may correspond to basic elements in the 
regional patterns of the geological variables. The contoured residuals 
corresponding to these low-degree polynomial trend surfaces may
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indicate local geological features hitherto obscured in the total 
pattern of variation. This implies that the residuals may contain 
systematic variation (i.e. autocorrelation). Parsley (1971) suggested 
using the serial correlation coefficient to determine when all the 
systematic variation had been removed from the deviations from the 
trend and only random noise remained. Although this autocorrelation 
condition contradicts the assumptions associated with the derivation of 
the coefficients defining the trend surfaces (see section 4.2.2), the 
aim of partial trend-surface analysis is not to remove all the non­
random variation from the residuals, but rather to separate the large- 
scale systematic variation from the small-scale systematic variation 
and random noise,and autocorrelation is therefore to be expected.
4.2.2 Role of the general linear model in trend-surface
analysis
Conventional polynomial trend-surface analysis belongs 
to the family of regression models and involves a study of the variation 
in one dependent variable as a function of 2 independent variables.
(In canonical trend-surface analysis, on the other hand, the simul­
taneous variation in a number of possibly interrelated dependent 
variables is considered as a function of 2 independent variables). The 
position of the polynomial trend-surface model in the spectrum of 
regression models is shown in Fig. 42 in terms of the degree of the 
regression equation and the number of independent variables. (This 
figure could be modified to incorporate the canonical trend-surface 
model by adding a third axis "1" representing the number of dependent 
variables; the canonical trend-surface model would be shown as a plane 
defined by k = «>, 1 = °°s m = 2.) The application of the general linear 
model to polynomial trend-surface analysis, discussed below, was
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Number of independent variables (m)
Figure 42: Graphical representation of family of
regression models, in terms of the degree 
of regression equation and the number of 
independent variables, after Harbaugh and 
Merriam (1968, Fig. 5-4).
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described in detail by Krumbein and Graybill (1965).
The generalised first-, second- and third-order polynomial 
trend-surface equations have the following form:
First-order: a0 + axx + a2y
Second-order: bo + bjX + b2y + b3x2 + M y + b5y2
Third-order: Co + c1x + c2y + c3x2 + CitXy + csy2 + c6x3
+ c7x2y + c8xy2 + c9y 3
x and y are the independent variables (geographical co-ordinates in the 
present study) and ai9 bi , ci are the polynomial coefficients. These 
expressions can be further generalised by employing the general linear 
model as follows:
E(Y) = 3o + Z M i  
i=i
Y is the observed dependent variable, with variance a2 which is inde­
pendent of \  and 3± ; k is the number of polynomial terms (less the 
base constant) in the trend expression. Since the observed values of
Y will not generally lie on the trend-surface, the general linear model 
for Y is
k
Y = Bo + .2 6. X + e1=1 1
e is an unobservable random variable with zero mean and variance cj>2 .
A typical data set is composed of n samples of X± for i = 1,2,
... , k and the corresponding n samples of Y. In order to determine the 
values of the coefficients $i9 n must be greater than or equal to k; in 
practice n should be considerably larger than k (see below). The data 
can be arranged into the following equations:
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Yi = 3o + 31X11 + 3 2 X 1 2 + ................................. . + 3kX lk + ei
Y 2 = 3o + 31X 2 1 + 32X22 • • • • • • . + 3kX2k + e2
Yn = 3o + 31 Xnl + 32Xn2 . + B k ^ k  + en
or yj
= 3o +
k
Z 3i Xji + ej » j = 1,2, . . . ,
i=i
This equation may be expressed in matrix notation as follows: 
Y = X 3 + e
where,
Y
Yi 
Y i X
1 Xi i X 1 2
1 X21 cslCM
X
Xik
X2k 3 =
30
31 e
Gl
e2
Yn 1 Xni X112 Xnk 3k en
The coefficients gj are usually obtained by the least-squares principle, 
which involves minimising the sum of squares of the errors e,- with 
respect to j. The expression to be minimised is
L =
n 1 n
2 ej or z (Y
j=1 j=i
Te e or (Y
3o -  ̂ 3i X-ji)2
i=i
xe)T (v - xe)
The least squares estimators of p. (that is, the values of A. which
J. r" ]_
produce the minimum sum of squares of errors) are obtained by setting 
the derivatives of L with respect to each 0. equal to zero,as follows:
n A k / s
8L -
93o
-2 Z
j = 1
(Yj - 3o - Z
i=i
Bl X H* II
n A k A
8L = 
931
-2 Z
j = 1
(Yj - 6o - Z
i=i
Bi Xji) Xjj
T 67
dl =
b b 2
n
-2 I (Y-j 
j = >
/v
~ Bo ~
k „
2 Bi 
1=1
Xji) Xj2 -
3L =
aek
n
-2 X (Y1 
j“ 1
- Bo -
k ^
Z Bi 
1=1
Xji)  Xjk =
These equations can be rearranged to give the following k + 1 
equations:
A
ne0 + Bi Z
A
Xj, + e2 x
A
i
A
j
2 /\
Bo£X-j i
j
+ Bi Z 
j
x ^  + B2 z 
J j
Bo^Xj 2 + Bi Z 
j
Xj 2Xj i + B
/\
Bo^Xjk
A
+ Bi Z 
j
/\
XjkXji + B
Using imatrix notation the
n IXj, zxj2
2
ZXjl ZXj 1 XXj 1 Xj 2
2
ixj2 IXj^j! XXj2
ZXjk ZXjkXj i ZXjkXj 2
h Ajk " \  YjJ j J
. . . + BkZ Xj2Xjk = Z X.2 Y.
J 3
+ 3k$ Xjk £ Xjk Yj
zxjk
ZXjlXjk 
ZXj2Xjk
or
ZXjk
s B
-  A —
Bo ’ eyj  "
/\
Bi EXj , Yj
✓v
B2 = IXj2 Yj
—J
/\
- 6 k .
_zXjk Yj
The matrix S is called the matrix of uncorrected sums of squares
and cross-products and can be obtained from S = XTX. Similarly, g can
T .
be obtained from g = X Y. The following equation, which contains k 
instead of k + 1 unknowns, is however easier to solve:
* *
S B
2
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S* is the matrix of corrected sums of squares and cross-products and 
g* is the matrix of corrected sums of cross-products between Xjk and 
Yj. The value of 3o can be obtained separately as follows:
Bo + Bi Xi + 62 x2 + . . . . + Bk Xk = V
S , B and g are defined as follows:
*
S
S(Xjj-Xi) 2 (X j 1 — X1 ) (Xj 2 " X 2 )
2(XJ2-X2)(Xji-Xa) £(Xj2-X2)2
£ (Xjk-Xk) (Xj 1 -Xi) Z (XJk-Xk) (Xj 2 -X2 )
£(Xji-Xi)(Xjk-Xk)
2(Xj2-X2)(Xjk-Xk)
2(xjk-xk )2
or
ssx/ SSXiXz
*
S =
SSX2X1 SSX22
SSXkXi SSXk Xi
SSXiXk
ssx2xk
SSXk2
*
g
2(Xj 1 -X1 ) (Yj-Y)' SSXiY
X(Xj2-X2)(Yj-Y) ★ SSX2Y
. . . or g = •
E(Xjk-Xk) (Yj-Y) SSXkY
and
3
31
32
3k
The most common method of solving for 8 is matrix inversion, 
which entails pre-multiplying each side of the equation by (S*) 1 as 
follows:
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g 
g 
g
The Bi solutions are the maximum likelihood estimators of the s±
parameters if the errors ej are normally distributed with zero mean and 
# 2
constant variance <|> , which is independent of the and Xji (error
/\
condition I). The 6i solutions are the best linear unbiassed estimators
when the errors ej are uncorrelated, with zero mean and constant 
p 2
variance <J> , which is independent of 3i or Xji (error condition II).
4.2.3 Statistical tests of significance
The statistical significance of trend surfaces can be 
determined by analysis-of-variance tests. The total variance in the 
dependent variable Y is partitioned between the trend expression and 
the deviations from the trend (i.e. the residuals). A ratio of the 
variation (in terms of mean squares) associated with the trend and with 
the residuals is used as the basis for testing the null hypothesis 
against the alternative, where
H0 :
oa 1!egGO.11 . . .  > ft, = 0
Ha : 3i J B2 5 . . .  6m t o
The ratio of mean squares is compared with the tabulated value of 
Snedecor's F at the appropriate degrees of freedom and level of signif­
icance. This analysis-of-variance test, illustrated in Table 21, is 
valid only if error condition I is met. Using an incremental-F test 
(Table 22) it is possible to determine whether the addition of terms to 
the trend equation results in significant improvement in the fit of the
II
*< CO. ( s * ) - 1
/ \ ~ k
3 = ( s * ) - 1
6 =
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Table 21: Analysis-of-variance test procedure for assessing the 
statistical significance of trend surfaces.
Source of Sum of Degrees of Mean
variation squares freedom squares F-value
Trend sstr d MStr HStr/MS 
[SStr/d]
Residuals SSr n-d-1 MSr
[sst -sst r ] [SSr/(n-d-l)]
Total SSt n-1
Note : n number of data points
Table 22: Analysis-of-variance test procedure for assessing the statistical significance of additional 
terms in the trend equation.
Source of variation Sum of 
squares
Degrees of 
freedom
Mean squares F-va
Linear trend a 2 A [a/2]
Deviations from linear b [g-a] n-2 B [b/(n-2)3 A/B
Quadratic trend c 3 C [c/3]
Deviations from linear 
+ quadratic
d [b-c] n-5 D [d/(n-5)] C/D
Cubic trend e 4 E [e/4]
Deviations from linear 
+ quadratic + cubic
f [d-e] n-9 F [f/(n-9)] E/F
Total g n
Note: number of data points n+l
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surface to the data. The test involves computing the ratio of the mean 
squares associated with the additional terms in the trend function to 
the mean squares associated with the deviations from the trend function 
of the same order. If the calculated incremental-F value exceeds the 
tabulated value of F, then the added terms are significant at the pre­
defined level of significance. This test can also be modified to test 
the significance of individual terms in the trend equation. As with 
the previous test, the validity of this test depends upon error condition 
I being met.
4.2.4 Effect of control-point distribution upon trend-surface
and residual maps
The extension of trend-surface analysis to situations 
involving non-gridded irregularly spaced data (Krumbein, 1959), pre­
supposes that the control-point distribution be uniformly, if not 
regularly, spread over the map area, which itself should be approximately 
equidimensional in shape. Furthermore, in order to offset or to 
evaluate the effects of random noise or local variations superimposed 
upon the trend, an adequate number of control-points is necessary.
However, geological sampling point distributions are rarely so obliging, 
with the result that a generally unknown amount of distortion may be 
introduced into the contour maps of trends and residuals.
Doveton (1969) and Doveton and Parsley (1970) considered that 
auxiliary studies of the distribution of control-points should be an 
essential element of all trend-surface studies; generalisation on the 
basis of past experience is inadequate and every case should be evaluated 
separately. Doveton (1969) prefaced a study of areal variation in 
geological parameters in the Carboniferous of the Ayrshire Basin with an 
examination of the effect of control-point distribution upon hypothetical
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but geologically realistic, models. The 3 models included a simple 
inverted broad cone (circular basin); a cone with small, sinusoidal, 
concentric ripples; and a cone with exaggerated ripples obscuring the 
conical trend and accounting for a high proportion of the total 
variation. Using the "worst case" control-point distribution for the 
Ayrshire Basin data, Doveton computed first-, second- and third-degree 
trend surfaces for each model and compared the results with the standard 
model. The 3 main distortion effects were an elongation of the higher- 
degree trends parallel with the direction of elongation of the control­
point distribution; displacement of the centres of the trend-surface 
patterns toward the centre-of-gravity of the distribution; and the 
development of saddles in cubic surfaces, apparently in those map areas 
devoid of point control.
Doveton and Parsley (1970) examined the possible effects of 
linearity and clustering of the data points upon trend surfaces derived 
from hypothetical models. Two types of linearity in the control-point 
distribution were considered: (i) all the data points are restricted 
to an elongate portion of the map area; and, (ii) most of the data 
points are concentrated about a line, but the remaining points are 
scattered over the map area. Two series of trend surfaces were 
generated in the investigation of these two types of linearity; in each 
series the degree of linearity was increased progressively. As 
expected, type (i) linearity had a pronounced distorting effect.
However, no distortion resulted from type (ii) linearity, despite the 
moderately high correlation between the grid co-ordinates (u, v) in the 
most extreme cases of linearity; this indicates that, except under 
restricted conditions, the uv correlation coefficient is not an un­
equivocal guide to the amount of distortion.
From the results of these experiments, Doveton and Parsley (1970)
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Figure 43: Wongawilli Coal - Hawkesbury Sandstone
interval in D.M. Bore 68 (grid reference 
E291 861, N1 222 503).
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concluded that the distorting effects of clustering and type (ii) 
linearity can be ignored where the trend accounts for a high proportion 
of the variation ( > 90%). However, where random noise and local 
variation are high, the potential for distortion is greatest. In the 
latter case, the authors recommended, model simulations should be 
carried out to assess this potential, and trend and residual maps 
should be interpreted in the light of such tests.
4.3 Data analysis
The location of the study area for trend-surface analysis 
relative to the Southern Coalfield, is shown in Fig. 7. The area 
covers the axial portion and eastern flank of the "main controlling 
syncline" (Wilson et ai., 1958) of the southern Sydney Basin. The 
strati graphical interval studied by trend-surface analysis (Fig. 43), 
extends from the base of the Permian Wongawilli Coal (Sydney Subgroup, 
Illawarra Coal Measures) to the base of the Triassic Hawkesbury Sand­
stone. The lower boundary was dictated by the availability of borehole 
data; of the approximately 800 boreholes drilled in the southern Sydney 
Basin, relatively few penetrate below the Wongawilli Coal. The choice 
of the upper boundary was governed by the partly eroded upper surface 
of the Hawkesbury Sandstone and by the absence of correctable horizons 
within this unit.
The data were derived from boreholes which were drilled to 
explore for coal and, in a few cases, for oil and gas. Detailed graphic 
borelogs were constructed from the original written logs to assist in 
correlation of formation boundaries. Correlation within the Narrabeen 
Group below the Bald Hill Cl aystone is very uncertain as a result of 
the rapid lateral lithologic variation. The intervening sandstone
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formations are not sufficiently distinctive to allow valid strati­
graphic breakdown (using borelog data) where the claystone formations 
are absent. Furthermore, the formation boundaries may well be 
diachronous. Definition of the boundary between the Wongawilli Coal 
and the Eckersley Formation is also uncertain since the upper section 
of the Wongawilli Coal contains variable proportions of interbedded 
coal, carbonaceous shale and claystone, whereas the basal portion of 
the Eckersley Formation is composed of fine-grained, partly carbon­
aceous sediments.
Many of the older borelog data were rejected because of 
suspected inaccuracies in the grid co-ordinates and collar levels. The 
residual maps were useful in checking for errors in the data, since the 
relative errors in the residuals are much larger than those in the 
trends. The number of available control-points for analysis for some 
intervals was further reduced by the following factors:
(a) not all boreholes penetrate the full interval to the base of the 
Wongawilli Coal;
(b) many bores are not fully cored in the Hawkesbury Sandstone and 
Narrabeen Group;
(c) several formations (for example, Stanwell Park Claystone and 
Wombarra Claystone) are not developed across the entire study 
area; and,
(d) the top of the section studied is partly eroded in some areas.
A maximum of 305 (Bui 1i Coal structure) and a minimum of 136 (Buigo 
Sandstone thickness) control points were available for analysis.
Trend-surface analysis was carried out on the reduced levels 
(that is, the structural elevation relative to sea level) of the 11 
formation boundaries and on the 10 formation thicknesses in the 
Wongawilli Coal - Hawkesbury Sandstone interval. In each case the
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first-to fourth-degree trend surface and residual contour maps were 
produced; analysis-of-variance data fo^ tests of significance on the 
trends were also generated. The relation between structure and thick­
ness was investigated on both a regional and local scale using a variety 
of statistical techniques relating to the trend surface data.
Since the aim of this study was to resolve the variation in 
formation structure and thickness into geologically meaningful 
regional and local components, the partial trend surface approach was 
employed. The method of non-orthogonal polynomial trend-surface 
analysis was selected in view of the apparent simplicity of the 
regional variation and the irregular control-point spacing. The trend- 
surface analysis computer program used in this study was based upon 
subroutines TREND and SLE (Davis, 1973) for polynomial trend-surface 
analysis and GRID (Davis, 1973) for interpolating irregularly spaced 
data points onto a regular grid; a modified version of JCCONT (used in 
JCMAP 1 by Cole, 1969) was used for contouring. This programme was 
made available by Dr. W.E. Stephens, University of St. Andrews, Scotland; 
the computations were carried out on the IBM 360/44 at the University 
of St. Andrews.
4.4 Results of trend-surface analysis
4.4.1 Present-day structure
The regional and local components of present-day struc­
ture show little change throughout the sequence from the base of the 
Wongawilli Coal to the base of the Hawkesbury Sandstone. In all H  
analyses, the first- to fourth-degree trend surfaces are highly 
significant (level of significance, p < 0.0001); the additional pure 
quadratic, cubic and quartic terms are also highly significant
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(p < 0.0001). Detailed results are presented for the base of the Bui 1i 
Coal and the base of the Hawkesbury Sandstone. However, structure- 
contour maps (showing borehole distributions), first- to fourth-degree 
trend surface maps, first- and fourth-degree residual maps, and 
analysis-of-variance tables for the remaining 9 horizons, are 
presented in Appendix III.
The structure contours for the bases of the Bui 1i Coal and the 
Hawkesbury Sandstone (Figs. 44 and 45) describe slightly warped, but 
essentially planar, surfaces dipping north-northwest.
Structural trend surfaces
The first- to fourth-degree structural trend surfaces for the 
bases of the Bui 1i Coal and the Hawkesbury Sandstone are shown in 
Figs. 46 and 47. The high levels of fit of the trend surfaces to the 
raw data are indicated in Tables 23 and 24. The first-degree trend 
surfaces indicate a north-northwest regional dip of approximately 1°. 
There appears to be a progressive decrease in gradient and an anti­
clockwise migration in dip direction for successive horizons upward 
through the sequence (Table 25). The north-northwest regional dip is 
further resolved in the third- and fourth-degree trend surfaces into a 
north-plunging syncline (in the west) and anticline (in the east).
The angle of plunge is approximately 1.2°, representing a gradient of 
21 m per km.
Structural residuals
As a result of the strong geographical correlation among the 
structural residuals, the contoured residuals describe a number of 
positive and negative domains which correspond to small-scale structural 
features. The residual patterns are very stable with respect to an 
increase in the degree of the trend surface, apart from the expected 
decrease in the amplitude of the residuals as the higher-degree trend
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surfaces conform more closely with the original data.
The contoured first- and fourth-degree structural residuals for 
the bases of the Bulli Coal and the Hawkesbury Sandstone are given in 
Figs. 48-51. The structural domains (summarised in Table 26) show a 
close geographical agreement between the two horizons. There is a 
tendency, however, for the amplitude of the residual domains to 
decrease upward through the sequence.
4.4.2 Formation thickness
In an investigation of the influence of contemporaneous 
subsidence upon formation thickness, it is desirable that (a) the 
formation boundaries are non-diachronous (or at least time-parallel); 
and, (b) the formation lithologies are uniform (to eliminate the 
effects of differential compaction upon the original thickness 
distribution). Within the Wongawilli Coal - Hawkesbury Sandstone 
interval, the Bulli Coal and the Bald Hill Claystone satisfy these 
requirements more closely than the remaining formations. Furthermore, 
only the Bulli Coal and the Bald Hill Claystone (and perhaps the 
Balgownie Coal Member) have easily recognisable boundaries over the 
entire study area. Accordingly, results of trend-surface analysis of 
formation thickness are discussed in detail for these 2 formations only, 
although isopach maps, trend-surface and residual maps, and analysis- 
of-variance tables for the remaining 8 intervals are presented in 
Appendix IV.
Bulli Coal thickness
The isopach map based on raw thickness data for the Bulli Coal 
(Fig. 52) shows that the seam thickens irregularly to the north-north­
east. The first-degree trend surface (Fig. 53) indicates a rate of 
regional seam thickening of 0.031 m per km toward 003° (c.f. structural
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dip direction 337°). The higher-degree trend surfaces describe a thick­
ness distribution which reflects the structural geometry: thick seam 
development occurs in the vicinity of the syncline axis in the west of 
the study area and seam thinning occurs over the anticline axis in the 
east.
The contoured first- and fourth-degree thickness residuals for 
the Bui 1i Coal are shown in Figs. 54 and 55 and the thickness domains 
are summarised in Table 27. The amplitude of the residuals tends to 
decrease with an increase in the degree of the corresponding trend 
surface. The most striking feature of the structure and thickness 
residual maps is the close geographical correspondence between positive 
thickness and negative structural domains and between negative thickness 
and positive structural domains. There is, however, an anomalously 
thick development of the Bui 1i Coal on the southern flank of the Kemira 
Anticline (domain 6, Table 27). Cook (1969 a) attributed this anomaly 
to the abundance of inorganic clastic material in the coal seam, which 
results in a lower compaction ratio for the Bui 1i Coal in this area 
than elsewhere.
Bald Hill Claystone thickness
The isopach map for the Bald Hill Claystone (Fig. 26) shows a 
northerly increase in formation thickness. Accurate thickness data 
were not available in the north-northwest of the study area. The first- 
degree trend surface (Fig. 56) dips toward 341° with a gradient of
0.56 m per km; this compares with a structural dip in the direction 
328°. The higher-degree trend surfaces reveal a regional thickness 
pattern which corresponds to the regional structure, as has been 
described for the Bui 1i Coal; however, the Bui 1i Coal trend indicates 
seam thinning in the northeast of the study area, whereas the Bald Hill 
Claystone shows rapid thickening.
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The distribution of the thickness residual domains for the Bald 
Hill Cl aystone (Figs. 57 and 58) shows an inverse relation with the 
structural domains, although the relation is less regular than for the 
Bui 1 i Coal. Analysis-of-variance data relating to trend-surface 
analysis of the thicknesses of the Bulli Coal and Bald Hill Cl aystone 
are presented in Tables 28 and 29.
4.4.3 Relation between formation structure and thickness
The results of trend-surface analysis for the Bui 1i Coal 
and the Bald Hill Claystone suggest an inverse relation between 
present-day structure and formation thickness on both a regional and a 
local scale. This relation was further analysed on the basis of 
correlation coefficients between structure and thickness data using the 
raw data, the trends, and the residuals from the trends.
Raw data
The correlation coefficient between the original values of 
present-day structure and thickness of the Bui 1i Coal is -0.568 and 
is statistically significant.
Using the base of the Bald Hill Claystone as datum, the Middle 
Triassic configuration of the Bui 1i Coal was determined by measuring 
the (vertical) distance between the datum and the coal seam.
Admittedly, this model does not take into account the effects of 
differential compaction within the Bald Hill Claystone - Bui 1 i Coal 
interval after the deposition of the Bui go Sandstone. The correlation 
coefficient between the inferred Middle Triassic structure (Fig. 59), 
and the thickness of the Bui 1i Coal is -0.641. A statistical comparison 
of this value (with 171 degrees of freedom) with the value of -0.568 
(274 d.f.) shows that the coefficients are significantly different and 
that the relation involving Triassic structure values is stronger than
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that involving present-day structure values (see Table 30).
Structural and thickness trends
The first-degree present-day structural trend and the thickness 
trend for the Bui 1i Coal differ by 26°, whereas the inferred Middle 
Triassic structure trend (Fig. 60 and Table 31), striking 102 , differs 
from the thickness trend by 9°. In the case of the Bald Hill Cl aystone, 
the difference between the first-degree thickness and structure trends 
is 13 .
Correlation coefficients were computed for present-day Bui 1i 
Coal structure as a function of Bui 1i Coal thickness trends (Table 32A) 
and for the inferred Triassic structure as a function of Bui 1i Coal 
thickness trends (Table 32C), using seam structure as the independent 
variable and seam thickness as the dependent variable. The Triassic 
structure values are consistently higher and the difference between the 
highest correlation coefficients in each set (associated with the first- 
degree trends) is statistically significant (see Table 30). The high 
values of the correlation coefficients are suggestive of a strong 
relation between the structural and thickness trends for the Bui 1i Coal.
Structural and thickness residuals
As a first approach to studying the relation between structure 
and thickness on a local scale, maps of superposed present-day structure 
and thickness residual domains were constructed for the 10 formations 
comprising the Wongawilli Coal - Hawkesbury Sandstone interval (Figs.
61 and 62 and Appendix V). The maps show a predominance of areas with 
structural and thickness residuals of opposite sign over areas with 
residuals of the same sign; that is, the map data support the observed 
inverse relation between structure and thickness. As a measure of this 
relation, the area covered by negative structure - positive thickness 
and positive structure - negative thickness domains (that is, having
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structural and thickness residuals of opposite sign) was determined as 
a percentage of the total area; observations were made at 1 km intervals 
on a square grid. The values for each formation (Table 33) show that, 
in all cases except the Coal Cliff Sandstone, areas covered by residuals 
of opposite sign predominate. A X 2 test of the observed frequencies of 
the 4 types of domain combinations against their expected random 
frequencies was used as an approximate method of ranking the formations 
according to the strength of the structure - thickness relationship.
The X values for the Bui 1i Coal and the Bald Hill Claystone are much 
larger than those for the remaining 8 formations (Table 33).
Correlation coefficients were also computed for present-day 
Bui 1i Coal structure as a function of seam thickness residuals (Table 
32B) and for the inferred Middle Triassic Bui 1i Coal structure as a 
function of seam thickness residuals (Table 32D). Although the values 
of the correlation coefficients are moderately low, they nevertheless 
indicate a statistically significant negative correlation between the 
structural and thickness residuals. The values are consistently higher 
for the relation involving the inferred Triassic structure and the 
difference between the highest correlation coefficient in each set 
(associated with the fourth-degree residuals) is statistically 
significant (Table 30).
The first- and fourth-degree residual contour maps for the Bui 1i 
Coal - Bald Hill Claystone interval (assumed to indicate the Middle 
Triassic configuration of the Bui 1 i Coal) are given in Figs. 63 and 
64. Apart from differences of amplitude, the South Bui 1i Syncline is 
depicted as a more open structure and the Kemira positive domain is a 
less prominent feature than in the corresponding maps for present-day 
structure (Figs. 48 and 49); the present-day configuration of these 
features may be partially due to Tertiary igneous intrusion in the
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vicinity of the Bui 1i and Kemira Anticlines.
4.4.4 The effect of scale upon the structure - thickness
relation
Trend-surface analyses of the present-day structure and 
thickness of the Bui 1i Coal were carried out at the scale of an 
individual colliery holding in the Wedderburn area, which is located 
in the central northern portion of the main study area (Fig. 7 ). Using 
22 control points (Fig. 65), the first- to third-degree structure and 
thickness trend surfaces were computed. The structure trend surfaces 
are all statistically significant (p < 0.0001), although only the first- 
and second-degree thickness trend surfaces are significant (p < 0.05) 
and the quadratic terms do not improve the goodness-of-fit significantly 
(Table 34). Accordingly, only the first-degree structure and thickness 
trends and residuals were compared quantitatively.
The first-degree structural trend surface (Fig. 66), which dips
23.3 m per km toward 320°, reflects the location of the Wedderburn 
study area on the northwest flank of the Bui 1i positive structural 
domain and results from the incorporation of part of the residual 
variation for the larger study area into the structural trend for the 
Wedderburn area. The first-degree thickness trend surface (Fig. 67) 
indicates a local rate of seam thickening of 0.132 m per km toward 
011°. The correlation coefficient between the first-degree structure 
and thickness trends for the Wedderburn area is -0.741 and is statis­
tically significant. Although considerably lower than the value of 
-0.943 for the main study area, the Wedderburn value nevertheless 
represents a pronounced inverse correlation between the structure and 
thickness trends. The value of the correlation coefficient between the 
first-degree structure and thickness residuals (Figs. 68 and 69) is
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-0.197 and is statistically nonsignificant.
The complete report on the trend surface analysis study for the 
Wedderburn area, comprising analyses of areal variation in the Bui 1i 
Coal structure, seam thickness and thickness of cover, is presented in 
Appendix VI. A paper relating to the broader trend-surface study, 
published in the Journal of Mathematical Geology  (Jakeman, 1980), is 
included in Appendix VII). The geological implications of the trend- 
surface analysis results are discussed in section 5.2.
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Figure 44: Structure-contour map showing elevation (in metres relative 
to sea level) of base of Bui 1i Coal. Control points used in 
trend-surface analysis of formation structure are also shown
in map.
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Figure 45: Structure-contour map showing elevation (in metres relative 
to sea level) of base of Hawkesbury Sandstone. Control 
points used in trend-surface analysis of formation structure 
are also shown in map.
Figure 46: First- to fourth-degree structural trend surfaces (in
metres) for base of Bulli Coal.
Table 23: A nalysis-of-variance data re la tin g  to trend-surface analysis o f structure o f base of Bui 1i Coal
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 8 917 900 2 4 459 000 2 072.932 99.99 93.21
Deviations from linear 649 620 302 2 151.06
Quadratic trend 9 024 300 . 5 1 804 900 993.401 99.99 94.32
Deviations from quadratic 543 250 299 1 816 89
Pure quadratic terms 106 370 3 35 456 19.515 99.99
Cubic trend 9 145 70Q 9 1 016 200 710.646 99.99 95.59
Deviations from cubic 421 840 295 1 429.97
Pure cubic terms 121 410 4 30 352 21.226 99.99
Quartic trend 9 238 000 14 659 860 580.722 99.99 96.56
Deviations from quartic 329 520 290 1 136.22
Pure quartic terms 92 320 5 18 464 16.250 99.99
Total 9 567 600 304
Figure 47: First- to fourth-degree structural trend surfaces (in 
metres) for base of Hawkesbury Sandstone.
Table 24: Analysis-of-variance data re la tin g  to trend-surface analysis of structure of base of Hawkesbury Sandstone.
Source of 
variation
Sum of 
squares
Degrees of 
freedom
Mean
squares
F-value Confidence 
level %
Goodness 
of fit %
Linear trend 1 991 300 2 995 670 692.304 99.99 88.95
Deviations from linear 247 370 172 1 438.20
Quadratic trend 2 053 900 5 410 780 375.659 99.99 91.75
Deviations from quadratic 184 800 169 1 093.49
Pure quadratic terms 62 600 3 20 866 19.083 99.99
Cubic trend 2 136 400 9 237 380 382.722 99.99 95.43
Deviations from cubic 102 340 165 620.24
Pure cubic terms 82 500 4 20 625 33.253 99.99
Quartic trend 2 154 600 14 153 900 292.753 99.99 96.24
Deviations from quartic 84 112 160 525.70
Pure quartic terms 18 200 5 3 640 6.924 99.99
Total 2 238 700 174
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Figure 48: Contoured first-degree structural residuals (in metres) 
for base of Bulli Coal.
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Figure 49: Contoured fourth-degree structural residuals (in metres) for
base of Bui 1i Coal.
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Figure 50: Contoured first-degree structural residuals (in metres) for 
base of Hawkesbury Sandstone.
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Figure 51: Contoured fourth-degree structural residuals (in metres) for 
base of Hawkesbury Sandstone.
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Table 25: Structural gradients and dip directions for the Wongawilli 
Coal - Hawkesbury Sandstone interval, based on first-degree 
trend surfaces.
Horizon Gradient Dip direction
(m per km)
Base of Hawkesbury Sandstone 16.5 327°
Base of Bald Hill Claystone 17.0 328°
Base of Bui go Sandstone 20.0 335°
Base of Bui 1i Coal 19.6 337°
Base of Wongawilli Coal 20.3 339°
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label 26: Small-scale structural features delineated by fourth-degree 
trend-surface residuals.
Location Sign Description
Easting Northing
A. 285 000 1 208 000 + Strong positive domain in 
central north portion of area; 
south portion of high coincides 
with Bui 1i Anticline.
B. 292 500 1 217 500 - Strong negative domain on east 
flank of central high.
C. 300 000 1 225 000 + Positive domain along northeast 
margin of area.
D. 277 500 1 214 000 - Strong northwest-elongate
E. 281 000 1 202 000
F. 275 000 1 208 000 +
G. 280 000 1 193 500 +
negative domain in Appin-Douglas 
Park area, on west flank of 
central high.
Strong northwest-elongate 
negative domain, open to south­
east, on southwest flank of 
central high, coinciding with 
South Bui 1i Syncline.
Strong positive domain north­
west of South Bui 1i Syncline.
Strong positive domain south of 
South Bui 1i Syncline coinciding 
with Kemira Anticline.
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Figure 52: Isopachs (in metres) for Bui 1i Coal. Control points used in 
trend-surface analysis of the formation thickness are also 
shown.
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Figure 53: First- to fourth-degree thickness trend surfaces (in
m etres) fo r  B u l l i  C oal.
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Figure 54: Contoured first-degree thickness residuals (in metres) for
Bulli Coal.
201
Bulli Coal.
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Table 27: Small-scale thickness domains delineated by fourth-degree 
trend-surface residuals for the Bui 1i Coal.
Location Sign
Easting North ing
1 . 287 000 1 210 000 -
2. 292 000 1 215 000 +
3. 300 0 0 0 1 225 0 0 0 -
4. 277 500 1 214 0 0 0 +
5. 282 0 0 0 1 205 0 0 0 +
6.
o00CM
0 0 0 1 190 0 0 0 +
7. 275 0 0 0 1 192 500 -
8. 270 0 0 0 1 197 0 0 0 +
9. 272 0 0 0 1 207 0 0 0 -
] 0 . 269 0 0 0 1 185 0 0 0
Description
Strong negative thickness 
domain in central north portion 
of area, coinciding with Bui 1i 
Anticline.
Strong northwest-elongate 
positive domain, northeast of 
Bui 1i Anticline.
Strong negative domain in 
extreme northeast of area.
Strong northwest-elongate 
positive domain corresponding to 
the Appin-Douglas Park negative 
structure.
Northwest-elongate positive 
domain coinciding with the South 
Bui 1i negative structure domain.
Northwest-elongate positive 
domain, coinciding with the - 
south flank of the Kemira 
Anticline.
Weak negative domains skirting 
domain 6.
A discontinuous positive domain 
in the southwest portion of 
Coalfield, contiguous with 
domains 5 and 6.
A broad negative domain along 
west margin.
Negative domain in extreme 
southwest of area.
Table 28: Analysis-of-variance data relating to trend-surface analysis of Bulli Coal thickness.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 31 . 879 2 15.939 64.542 99.99 31.95
Deviations from linear 67.913 275 0.247
Quadratic trend 33.889 5 7.178 30.552 99.99 35.96
Deviations from quadratic 63.902 272 0.235
Pure quadratic terms 4.010 3 1.337 5.690 99.5
Cubic trend 39.280 9 4.364 19.330 99.99 39 36
Deviations from cubic 60.511 268 0.226
Pure cubic terms 3.391 4 0.848 3.755 99
Quartic trend 52.154 14 3.725 20.567 99.99 52.26
Deviations from quartic 47.637 263 0.181
Pure quartic terms 12.874 5 2.575 14.215 99.99
Total 99.791 277
Figure 56: First- to fourth-degree thickness trend surfaces (in
metres) for Bald Hill Claystone.
Table 29: Analysis-of-variance data relating to trend-surface analysts of Bald Hill Cl aystone thickness.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 3 500.3 2 1 750.1 126.952 99.99 59.48
Deviations from linear 2 384.9 173 13.786
Quadratic trend 4 264.9 5 853.0 89.493 99.99 72.47
Deviations from quadratic 1 620.3 170 9.531
Pure quadratic terms 764.6 3 254.9 26.740 99.99
Cubic trend 4 554.2 9 506.0 63.110 99.99 77.38
Deviations from cubic 1 331.0 166 8.018
Pure cubic terms 289.3 4 72.3 9.020 99.99
Quartic trend 4 606.1 14 329.0 41.412 99.99 78.27
Deviations from quartic 1 279.1 161 7.945
Pure quartic terms 51.9 5 10.4 1.307 70
Total 5 885.2 175
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Bald Hill Claystone.
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Figure 58: Contoured fourth-degree thickness residuals (in metres) for
Bald Hill Claystone.
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Table 30: Statistical tests of difference between correlation coefficients
for (1) relation between present-day seam structure and thickness, 
and (2) relation between inferred Middle Triassic seam structure 
and thickness of the Bui 1i Coal. Correlation coefficients are 
based on (A) raw data, (B) first-degree trend values and (C) 
fourth-degree residual values, successively.
A Raw data
1. Present-day structure
vs thickness
2. Triassic structure
vs thickness
B Trends
1. Present-day structure
vs thickness
2. Triassic structure
vs thickness
C Residuals
1. Present-day structure
vs thickness
2. Triassic structure
vs thickness
Correlation Fisher-z
coefficient value3
- 0 . 5 6 8  0.643
- 0 . 6 4 1  0.759
- 0 . 9 4 3  1 .7 63
- 0 .9 9 4  2.900
- 0 . 3 8 7  0 .408
- 0 .5 6 3  0 .637
Modulus of Standard errorb
difference of difference
0.115  > 0 .098
1.137  > 0 .098
0.229  > 0 .098
a Z » 1.15  x log 1 0
1 +  Ir I 
1 — I r I
b
1 1
Standard error of difference = Y nV-3 + n2-3 , where nx and n2
are the number of data points associated with each correlation 
coefficient.
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Figure 59: Isopachs (in metres) for Bulli Coal -Bald Hill Claystone 
interval. Control points used in trend-surface analysis 
are also shown.
Figure 60: First- to fourth-degree thickness trend surfaces (in
metres) for Bulli Coal - Bald Hill Claystone interval.
Table 31: Analysis-of-variance data relating to trend-surface analysis of Bulli Coal - Bald Hill Cl aystone interval •
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 335 290 2 167 650 617.800 99.99 87.78
Deviations from linear 46 675 172 271.37
Quadratic trend 339 060 5 67 813 267.123 99.99 88.77
Deviations from quadratic 42 903 169 253.87
Pure quadratic terms 3 770 3 1 256.67 4.950 99.5
Cubic trend 350 060 9 38 895 201 118 99.99 91.65
Deviations from cubic 31 910 165 193.39
Pure cubic terms 11 000 4 2 750.00 14.220 99.99
Quartic trend 353 380 14 25 241 141.273 99.99 92.52
Deviations from quartic 28 587 160 178.67
Pure quartic trend 3 320 5 664.00 3.716 99.5
Total 381 970 174
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Table 32: Correlation coefficients between (A) present-day structural
and thickness trends, (B) present-day structural and thickness 
residual s,(C) inferred Triassic structural and thickness 
trends, and (D) inferred Triassic structural and thickness 
residuals for the Bui 1i Coal.
A Present-day structural trends (x) 
versus thickness trends (y)
y/x Deg l Deg 2 Deg 3 Deg A
Deg 1 -.9A3 -. 93A -.926 -.920
Deg 2 -.888 -. 8A9 -. 8A5 -.839
Deg 3 -.839 -.801 -.822 -.817
Deg A -.736 -. 70A -.723 -.729
Present-day structural residuals (x) 
versus thickness residuals (y)
y/x Deg 1 Deg 2 Deg 3 Deg A
Deg 1 -.266 -.377 -.333 -.326
Deg 2 -.357 -.385 -.35A -. 3A5
Deg 3 -.280 -.303 -.351 -. 3A7
Deg A -.275 -.297 -.3A5 -.387
Inferred Triassic 
versus thickness
structural 
trends (y)
trends (x)
y/x Deg 1 Deg 2 Deg 3 Deg A
Deg 1 -.99A -.988 -.973 -.968
Deg 2 -.939 -.910 -.895 -.891
Deg 3 -.873 -.8A0 -.853 -. 8A8
Deg A -.772 -. 7A6 -. 7A6 -.768
Inferred Triassic 
versus thickness
structural
residuals
residuals (x) 
(y)
y/x Deg 1 Deg 2 Deg 3 Deg A
Deg 1 -.398 -. A59 -.5A1 -. A75
Deg 2 -. AA1 -. A58 - .5A0 -. A75
Deg 3 -. A13 -. A18 -.561 -. A9A
Deg A -. A27 -. A36 -.55A -.563
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Figure 61: Superposed fourth-degree structural and thickness
residuals for Bui 1i Coal. Horizontal hatching: negative 
structural residuals; vertical hatching: positive 
thickness residuals.
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Figure 62: Superposed fourth-degree structural and thickness
residuals for Bald Hill Claystone. Horizontal hatching 
negative structural residuals; vertical hatching: 
positive thickness residuals.
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Table 33. Percentage data relating to the signs of corresponding 
structural and thickness residual domains.
Interval Residuals of 
opposite sign
Residuals of 
same sign
Chi-square 
values3
Gosford Formation 53.8 46.2 15.66
Bald Hill Claystone 64.0 36.0 82.25
Bui go Sandstone 61.1 38.9 41.29
Stanwell Park Claystone 65.2 34.8 30.76
Scarborough Sandstone 62.6 37.4 38.80
Wombarra Claystone 58.2 41.8 15.43
Coal Cliff Sandstone 46.5 53.5 11.74*
Bui 1i Coal 68.3 31.7 121.63
Eckersley Formation 56.2 43.8 29.36
Wongawilli Coal 58.9 41.1 33.49
a  -  x 2  values were obtained from a test for nonrandomness in the
areal relation between the signs of structural and thickness 
residuals.
b - Significant at 99% level. All other X2 values are significant 
at > 99.5% level.
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Figure 63: Contoured first-degree thickness residuals (in metres) for
Bulli Coal-Bald Hill Claystone interval.
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Figure 64: Contoured fourth-degree thickness residuals (in metres) for 
Bulli Coal-Bald Hill Claystone interval.
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Figure 65: Distribution of control points within Wedderburn area. 
Boundary co-ordinates are based on International 
Standard Grid.
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Table 34: Analysis-of-variance data for trend-surface analysis of 
variables relating to Bui 1i Coal in Wedderburn area.
Variable Degree of 
trend-surface 
equation
Percentage of 
variation 
explained
F-value Confidence 
level %
Structure 1 91.03 106.516 99.99a
2 92.85 41.554 99.99a
3 94.09 21.234 99.99a
Seam thickness 1 48.21 8.845 99.5a
2 49.65 3.155 95a
3 62.44 2.216 90
Thickness of 1 47.59 8.627 95a
cover on seam 2 54.49 3.832 97.5
3 59.51 1.960 75
a Statistically significant at normal confidence levels (> 95%)
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Figure 66: First-degree structural trend surface (in metres) for 
base of Bui 1i Coal in Wedderburn area.
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Figure 67: First-degree thickness trend surface (in metres) for
Bulli Coal in Wedderburn area.
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Figure 68: Contoured first-degree structural residuals (in metres) 
for base of Bulli Coal in Wedderburn area.
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Figure 69: Contoured first-degree thickness residuals (in metres)
for Bulli Coal in Wedderburn area.
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Chapter 5 
DISCUSSION
5.1 Cyclic sedimentation in the Sydney Subgroup
5.1.1 Analysis of vertical variation in lithology
The original purpose in applying Markov chain analysis 
to the study of cyclic sedimentation in the Sydney Subgroup, was to 
enhance the objectivity of the method of recognising cycles. As the 
multiplicity of resulting first-order Markov models (Fig. 70) suggests, 
this aim has not been entirely realised. Nevertheless, despite 
differences in detail, the indicated transition paths are in sub­
stantial agreement.
(a) First-order Markov models I and II
The preferred transitions revealed by models I and II (Fig. 70) 
are similar because the models employ effectively the same random matrix. 
The random matrix in model I (after Gingerich, 1969) is in probability 
form, whereas in model II (after Read, 1969), the matrix is in frequency 
form. Both models highlight those transitions for which the observed 
frequencies exceed the corresponding frequencies predicted by the 
random model. The additional feature of model II is that it contains 
an inbuilt test of the statistical significance of the observed tran­
sition frequencies relative to the frequencies predicted by the random 
model. Model II indicates that not all of the transition frequencies 
corresponding to positive difference probabilities are statistically 
significant at normal levels of significance (5%); that is, some of the 
higher than random transition frequencies may have arisen by chance.
The statistically significant transitions in model II indicate a 
preferred transition path involving fining upward (from coarse sandstone,
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II
------------*. Significant at 5 %  level.
----------Non-significant af 5 %  level,
but" more frequent than 
predicted by random model.
Ill
______ ^  Significant at 5 %  level.
_____Non-significant at 5 %  level,
but more frequent than  
predicted by random model.
Figure 70: Preferred transition paths for Sydney Subgroup, derived 
from first-order Markov chain models based on techniques 
described by (I) Gingerich (1969), (II) Read (1969), and
(III) Doveton (pers. comm., 1976).
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through fine sandstone, interbedded fine elastics, to mudstone and then 
coal) followed by coal «-*■ mudstone oscillations. The statistically 
nonsignificant transitions suggest that coal mudstone oscillations 
were most commonly succeeded by laminite, although the mudstone -* 
laminite transition is a statistically random event. Laminite shows a 
strong tendency to be overlain by fine sandstone, succeeding which 
fining upward and then coal «-* mudstone oscillations would be expected 
to occur. After laminite, the next most likely "escape path" from coal 
mudstone oscillations is an abrupt reversion from coal to coarse 
elastics and thereby a renewal of the fining upward path.
Model II suggests that there may be (at least) two distinct types 
of transition paths in the Sydney Subgroup sequences, involving:
(i) an abrupt transition from coal to coarse elastics, then gradual 
fining upward, followed by coal mudstone oscillations or,
alternatively,
(ii) a gradual coarsening upward from coal to mudstone, laminite, 
fine sandstone, then gradual fining upward, followed by coal-«-*, 
mudstone oscillations.
This model also suggests a number of variations upon these principal 
themes. The fining upward path may be modified by oscillations between 
coarse and fine sandstones. The path involving gradual coarsening up­
ward may involve oscillations between laminite and mudstone followed 
by either a return to coal mudstone oscillations, or a continuance 
of coarsening upward. Both types of transition paths (and their 
variants) may apparently be modified by the non-development of the fine 
interbedded elastics lithology as implied by the higher than random 
(but statistically nonsignificant) transition frequency from fine sand­
stone to mudstone.
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(b) First-order Markov model III
Model III, like model II, was derived by means of a X2 test of 
the statistical siQnificance of individual transition frequencies. The 
random matrix corresponding to model III was calculated by the iterative 
process suggested by Doveton (pers. comm., 1976) and is regarded by the 
present author as the closest possible approximation to a randomised 
version of a first-order embedded Markov chain. Model III is, therefore, 
the better indicator of the first-order preferred transition path for 
the succession. This model differs from model II in the following ways. 
First, the frequencies of the transitionsinterbedded fine elastics 
mudstone and coal -> mudstone are statistically nonsignificant, though 
still greater than the corresponding frequencies in the random model; 
these modifications do not affect the sense of the transition paths 
derived from model II. Second, the frequency for the transition from 
fine sandstone to laminite is greater than the revised predicted random 
frequency (though nonsignificant) and the frequency for the fine sand­
stone to mudstone transition is less than the corresponding random 
frequency. The main implication of the latter 2 modifications to the 
preferred transition path is that oscillations may occur between 
laminite and fine sandstone and that this oscillating behaviour may be 
followed by fining upward to mudstone and coal through either the 
laminite lithology or, more probably, the interbedded fine elastics 
1i thology.
The technique employed to obtain model III was also applied to 
the two artificially structured transition matrices representing the 
fining upward and the fine-coarse-fine transition paths. Although this 
approach pre-supposes all inter-seam sequences to be of either fining 
upward or fine-coarse-fine type, the results (Tables 12 and 13, Fig. 37) 
tend to reinforce the previously inferred transition paths. As
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Table 35: Groupings of statistically significant triplets based on
their association with oscillating, fining upward, abrupt or 
gradual coarsening upward tendencies in the total transition 
framework.
A Oscillating lithologies
CS + FS -> CS 
FS CS + FS 
FS M + FS 
IFC -> M + IFC 
L -* M L 
M -> IFC -> FI 
M -> L + M 
M C M 
C -> M -> C
C Abrupt cycling back to
coarse elastics
C -> FS -> CS 
C -* CS + FS 
M C FS 
M -> CS FS
B Fining upward paths
CS + FS + M 
FS IFC - M 
FS + M -> C 
IFC -* M C
0 Gradual coarsening upward 
paths
C -> M + L 
M ->• L + FS 
L -> FS + M
E Unassigned triplets
FS + M + IFC 
IFC M + L 
M -> FS IFC
KEY: CS coarse sandstone
FS fine sandstone
IFC interbedded fine
elastics
L laminite
M mudstone
C coal
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indicated by the relatively higher number of statistically significant 
transitions in the fining upward cycle (Fig. 37A) as compared with the
fine-coarse-fine cycle (Fig. 37B), the ordering in the latter is much 
weaker.
(c) Second-order Markov model
The results of analysis of triplets are also consistent with the 
existence of two principal cycle types in an overall weakly ordered 
succession. Twenty of the 23 triplets with statistically significant 
and higher than random frequencies reflect directly and unambiguously 
either oscillating (9), fining upward (5), gradual coarsening upward 
(3), or abrupt coarsening upward (5) tendencies (see Table 35 and Fig. 
71). The large proportion of triplets associated with oscillating 
behaviour indicates weak ordering in the succession; this is confirmed 
by tests for higher-order properties and by entropy calculations (see 
below). Some of the fining upward triplets are common to both cycle 
types, although the triplets involving coarse sandstone belong 
exclusively to the fining upward cycle. The triplets of gradual coars­
ening upward type presumably derive from the fine-coarse-fine cycles. 
The triplets which involve abrupt cycling back to coarse elastics 
indicate the tendency for fining upward cycles to succeed coals or, less 
commonly, mudstones. Of the three unassigned triplets listed in Table 
35, the first and second can be readily accommodated in the fining up­
ward and fine-coarse-fine cycles respectively (see Fig. 37 ) while the 
third is barely significant (the X2 value of 3.87 is based on a triplet 
frequency of 5).
A statistical comparison between the frequencies of the observed 
triplets and the corresponding frequencies predicted by the first-order 
Markov model shows that the lithological ordering is almost fully 
accounted for by a first-order Markov process. Only two triplets (coal
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+ fine sandstone coarse sandstone and laminite mudstone -* laminite) 
from a possible total of 150 occur statistically more frequently than 
predicted by a pure first-order Markov process, indicating that the 
remaining 21 triplets in Table 35 can be explained in terms of the 
compound effects of elements of first-order memory. This low degree of 
ordering indicated by first- and second-order Markov chain analysis is 
supported by the entropy calculations, which yield a value of 0.134 for 
the degree of ordering. (By comparison, a value of unity corresponds 
to perfect ordering and zero to complete randomness.) The high prop­
ortion of significant triplets associated with oscillating pairs of 
lithologies is also consistent with this low degree of ordering.
5.1.2 Analysis of lateral variation in cyclic characteristics
To complement the study of vertical lithological ordering 
in the Sydney Subgroup, regression analysis was employed to investigate 
the lateral variation in cyclicity and to assess the role of tectonic 
subsidence in the origin of cycles. The definition of a cycle for the 
purposes of this study was based upon the results of Markov chain 
analysis. Coal seams (both major and minor) were taken as cycle 
boundary lithologies and each cycle was required to have a minimum thick 
ness of 1.5 m, including at least 1 m*of elastics. Assuming that the 
total thickness of the interval studied reflects the net amount of 
subsidence in the period corresponding to peat and sediment accumulation 
- an assumption which the results of trend-surface analysis appear to 
justify (section 5.2; Jakeman, 1980) - the present results indicate 
that both the number and average thickness of cycles were related to 
differential subsidence in the depositional basin. The strong positive 
correlation between the number of cycles and the total thickness of the 
Tongarra Coal - Bulli Coal interval implies that the number of cycles
O scilla ting^----------- - -----^
l i t h o l o g i e s
Fi ning upwar d  
p a t h s
Abr upt  cycl ing back 
to coarse  e l ast i cs
Gradual  coarsening  
upward pa^hs
Int-erbedded 
Fine Clashes
Figure 71. Preferred transition path for Sydney Subgroup, derived from second-order Markov
chain model. Triplets occurring more frequently than predicted by the random ^
CO
model are shown.
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is greatest in those areas which were subsiding most rapidly during 
the Upper Permian. The average thickness of cycles also tends to be 
greatest in the areas of thicker total section and hence greater net 
subsidence. How.ever, the small, but significant, negative quadratic 
term in the relation involving cycle thickness indicates that the rate 
of cycle thickening decreases as the total thickness increases; that is, 
the total section thickness increases faster than the average cycle 
thickness. Having established that the mean thickness of all fine- 
coarse-fine cycles (10.26 m) is less than the mean thickness of all 
fining upward cycles (16.08 m), the foregoing result can be explained 
in terms of an increase in the proportion of fine-coarse-fine cycles in 
the direction of increasing total thickness; that is, in a northerly 
direction toward the centre of the basin. This concept is supported 
by Figs. 40 and 41. (There is a further tendency for the proportion of 
fining upward cycles to increase toward the top of the Sydney Subgroup, 
implying a slight departure from stationarity in individual sections; 
this tendency does not affect the relationship under present consid­
eration, but will be discussed in the context of the origin of the 
cycles in section 5.1.5(a).) The absence of an anticipated positive 
correlation between the average cycle thickness and the number of 
cycles can be explained by the departure from linearity in the previous 
relationships, and possibly by such irregularities in the data as 
were noted in section 3.3.
The environmental implications of the present results of Markov 
chain analysis and regression analysis and the possible causes of 
cyclicity in the Sydney Subgroup are discussed in section 5.1.5.
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5.1.3 Comparison with Duff's assessment of cyclic sedimentation 
in the Southern Coalfield
The quantitative investigation of cyclic sedimentation 
by Duff (1967) marks the first serious attempt to understand the nature 
and causes of cyclicity in the Southern Coalfield succession. Duff's 
statistical analysis of cycle frequencies for the Sydney Subgroup 
revealed a wide diversity of interseam sequences (see Duff, 1967, Fig. 
2b). The following 3 cycle types constituted the primary modes and 
accounted for approximately one third of the 99 cycles recognised in 
the 11 borehole sections which Duff studied:
(i) coal -> sandstone sandstone/siltstone alternations -> shale -> 
coal;
(ii) coal -* shale coal; and,
(iii) coal -> sandstone -> shale -> coal.
A total of 24 cycles of fining upward type was recognised; 13 of these 
cycles were associated with the top 3 major coal seams in the Subgroup, 
whilst the lower part o' the succession was characterised by "a great 
variety of cycle types" In the light of these results, Duff proposed 
a composite sequence comprising:
coal -> sandstone -* sandstone/si 1 tstone alternations + shale -* 
coal
With respect to the lateral persistency of cycles, Duff observed that 
only rarely does a particular coal seam top the same cycle type in the 
11 borehole sections studied. Furthermore, the number of cycles in the 
Sydney Subgroup was found to remain constant across the Southern Coal­
field, indicating that the number of cycles is independent of total 
thickness and hence, thet tectonism did not affect the development of 
cycles. Duff concluded from these results, that sedimentational 
factors alone governed cycle development.
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The results of the present study appear to confirm the diversity 
of cycle variants indicated by Duff's statistical analysis, but 
conflict with a composite sequence of simple fining upward type. Both 
studies indicate that this fining upward cycle is a primary modal cycle 
in the terminology of Duff and Walton (1962). However, model III (Fig. 
70) appears to be a closer approximation to the composite sequence for 
the Sydney Subgroup. A strong disparity is evident between the present 
results of regression analysis and Duff's results. Duff's observation 
that the number of cycles remains fairly constant does not accord with 
the wide range in the number of cycles in each borehole section (5 to 
19) observed by the present author. Since the range of total section 
thicknesses is comparable for the two studies, the reason for the 
disparity must lie in the respective methods of distinguishing cycles. 
The most likely explanation is that Duff employed only the major named 
coal seams in delineating the cycles, whereas in the present study, 
this restriction was not applied. It should be noted also that Duff's 
result is strongly dependent upon one outlying data point (Duff, 1967, 
Fig. 3).
5.1.4 Intra-seam cycles in the Sydney Subgroup
Smyth and Cook (1976) noted a tendency for coal seams in 
the Sydney Subgroup to display similar cyclic characteristics to many 
Permian coals of the Sydney and Bowen Basins. Markov chain analysis by 
these authors indicated intra-seam cycles consisting of a sequence of 
coal lithologies of decreasing vitrinite (or vitrite + clarite) content, 
commonly, though not invariably, overlain by a dirt band. In the field, 
this cycle would be ideally manifested as a dulling upward of the coal 
between dirt bands. Smyth and Cook (1976) reported a preferred tran­
sition path of the type shown in Fig. 72 for the Sydney Subgroup.
C3
States
Figure 72:
C1 0 - 14 % vitri ie  + clariie
C2 15 - 29 % viir i ie  + clariie
C3 3 0 - 4 4 % vibri ie + clariie
C 4 45 - 5 8 % viiri ie + clariie
DB diri band
Preferred transition path for intra-seam 
cycles in the Illawarra Coal Measures, 
based on data presented by Smyth and Cook 
(1976).
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Though somewhat irregular, this transition diagram reveals the following 
tendencies with respect to the vertical lithological ordering.
(i) vitrinite-rich coal succeeding dirt bands (DB -> C4);
(ii) subsequent upward decrease in vitrinite content (C4 + Cl), with 
possible oscillations between vitrinite-rich and -poor 
lithologies (C4*-*C2); and,
(iii) dirt bands succeeding vitrinite-poor coal (Cl -> DB).
According to Shibaoka and Smyth (1975), this cyclic tendency is
present in coals with disparate bulk petrologies. The vitrinite-poor 
Bui 1i Coal, for instance, displays dulling upward of dull coal between 
dirt bands, whereas the vitrinite-rich Wongawilli Coal is character­
ised by alternation of bright coal with dirt bands. Shibaoka and 
Smyth (1975) attributed these developments to suppression of part of 
the dulling upward cycle.
The environmental implications and possible origins of these 
intra-seam cycles are discussed in the context of cyclic sedimentation 
in the Sydney Subgroup in section 5.1.5 (b).
5.1.5 Possible origins of cyclicity in the Sydney Subgroup
A comprehensive model of cyclic sedimentation in the 
Sydney Subgroup should provide explanations of the following phenomena:
(a) the vertical variation in lithology determined by Markov chain 
analysis;
(b) development of the intra-seam dulling upward cycles;
(c) termination of peat-forming conditions prior to the initiation 
of a new inter-seam cycle;
(d) lateral variations in the cyclic characteristics of the 
succession.
The model should also take into account the stratigraphic position of
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the Sydney Subgroup within the regressive Permo-Triassic succession and 
the absence of evidence for marine conditions in this portion of the 
southern Sydney Basin during the accumulation of the Subgroup. From 
the results of trend-surface analysis on formation structure and thick­
ness, which are discussed in section 5.2, a number of assumptions 
concerning the structural framework of the study area appear to be 
justified. The southern Sydney Basin was undergoing differential 
tectonic subsidence, both on a regional and a local scale,during the 
Permo-Triassic. The underlying structural features - a regional syn­
cline and superimposed small-scale antiformal and synformal features - 
remained geographically stationary, although their activity appears to 
have waned gradually since at least the time when the Wongawilli Coal 
accumulated and possibly earlier. The large-scale features remained 
active longer than the small-scale features. Under these conditions of 
gradually waning differential tectonic subsidence, with an unknown 
contribution of compaction-related subsidence, the Sydney Subgroup 
accumulated presumably in a freshwater environment.
(a) Vertical variation in lithology in the Sydney Subgroup
The characteristics of lithology and ordering in the Sydney 
Subgroup bear many similarities to those of modern alluvial sediments, 
in particular, those of deltaic origin. The upper portion of the 
Sydney Subgroup is dominated by fining upward cycles, which are inter­
preted as point bar deposits from a fluvial or upper delta plain 
environment, whereas the lower portion is characterised by fine-coarse- 
fine cycles, interpreted as the products of floodplain construction in 
a lower delta plain setting. Those parts of the succession containing 
both types of cycles, are considered to derive from an intermediate 
environment and to record an oscillating progression from lower to upper 
delta plain conditions, which is consistent with the overall regressive
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trend in the Permo-Triassic succession.
Fining upward cycles
Modern examples of fining upward sequences of point bar origin 
and their ancient analogues, have been intensively studied (e.g. Visher, 
1965, 1972; Leopold and Wolman, 1960; Allen, 1963, 1965, 1970, 1974; 
Klein, 1975; Reineck and Singh, 1975; Saxena, 1979). These 
sequences share 3 major diagnostic characteristics: namely, a scoured 
basal contact, a lower coarse clastic member and an upper fine clastic 
member. The Sydney Subgroup fining upward sequences are distinguished 
by the presence of a coal above the fine clastic member. Similar coal­
bearing fining upward cycles were described by Johnson (1973) and 
Johnson and Cook (1973) from the Moon Island Beach Subgroup, Newcastle 
Coal Measures, in the northeastern Sydney Basin; these differ from the 
present cycles in that thick coarse-grained conglomerates commonly 
dominate the coarse clastic member, whereas true conglomerates are rare 
in the Sydney Subgroup.
The Sydney Subgroup fining upward cycle, as defined by Markov 
chain analysis (Fig. 37A), consists of
coal -»• coarse -+ fine -* interbedded -* mudstone coal
sandstone sandstone fine elastics
The basal coarse member, representing the point bar channel or sub­
stratum deposits, consists of coarse and fine sandstone which show a 
strong tendency to oscillate. This oscillating tendency is the result 
of repeated deposition of point bar substratum sediments, with only 
minimal development of intervening overbank (topstratum) sediments.
The oscillating behaviour is most pronounced in areas of thicker 
section, which were areas of more rapid subsidence during the Permian. 
This repeated "topping up" by coarse elastics in more rapidly subsiding 
portions of the basin was probably a response to compaction of the
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underlying peat rather than to tectonic subsidence. Because of the 
relatively rapid rates at which coarse clastic sediment accumulation 
proceeds, the thickness of individual coarse clastic members of cycles 
is probably not a direct reflection of differential rates of tectonic 
subsidence. The results of trend-surface analysis (section 5.2) 
indicate a very close relation existed between peat accumulation and 
tectonic subsidence, greater thicknesses of coal occurring in areas of 
thicker total section. The inferred relation between the deposition of 
coarse elastics and regional subsidence rates is likely to be 
associative rather than causal, with clastic sediment accumulation 
being influenced by compaction of the immediately underlying peat and 
peat thickness, in turn, being strongly influenced by the rate of 
tectonic subsidence.
The point bar substratum members are composed of very coarse- 
to medium-grained lithic sandstone ("coarse sandstone") and fine- to 
very fine-grained lithic sandstone ("fine sandstone"). The boundaries 
with the underlying lithologies (mostly coal) are sharp. The coarse 
sandstone units commonly contain pebbly gravels, intraformational silt- 
stone clasts and coal scares at their bases and pebble layers (possibly 
caused by winnowing) throughout. Large-scale cross-stratification is 
commonly evidenced by grainsize variation, and by oriented coal scares 
and elongated clasts, although well-defined forset beds are not 
discernible in all coarse sandstone units. The fine sandstone units 
contain a variety of structures including small-scale cross-stratif­
ication, flat bedding, graded bedding and toward the tops of units, 
ripple cross-!ami nation. Finely comminuted plant material occurs on 
bedding plane partings and fine rootlets commonly occur near the tops 
of units. These characteristics are consistent with Allen's (1965) 
account of modern point bar substratum deposits.
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The lower coarse member of the fining upward cycle is overlain 
by an upper fine member, interpreted as the overbank (topstratum) 
deposits which succeeded the point bar sands when the stream channel 
migrated away from its previous course. According to Fig. 37A, the 
upper fine member consists of interbedded fine elastics, followed by 
mudstone and then coal. Although the transition from interbedded fine 
elastics to mudstone is statistically nonsignificant, the fining upward 
path is nevertheless the most probable. The path is complicated by 
tendencies for mudstone to oscillate with both coal and interbedded 
fine elastics. These 3 lithologies are internally very variable and, 
if more data were available to overcome the problems associated with 
sparse transition matrices, might be profitably subdivided in future 
studies of lithological ordering. They appear to represent a levee 
facies (interbedded fine elastics and mudstone) and a backswamp facies 
(coal and mudstone).
The coarsest lithology of the topstratum member is composed of 
thinly interbedded very fine sandstone and clayey siltstone; by 
definition, the maximum bed thickness is 10 cm. Individual sandstone 
beds mostly have scoured bases, commonly show ripple cross-lamination 
and flaser bedding and may contain small, angular siltstone clasts.
The siltstone beds are commonly graded. Carbonaceous rootlets occur in 
this lithology, particularly in the upper portions of units where the 
bedding may be increasingly disturbed and even obliterated by root 
penetration. Bioturbation in the form of burrows is also common, though 
variable in intensity. As shown by Fig. 37A, this lithology passes up­
ward to and may be interbedded with mudstone, a variable lithology 
ranging in grainsize from coarse siltstone to claystone (including 
carbonaceous claystone). The bedding characteristics are also variable 
and include graded bedding, flat lamination and ripple cross-lamination;
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however, the bedding is commonly irregular or completely obliterated 
by root penetration. The mudstones often display rapid vertical 
variation from coarse siltstone, through claystone, to carbonaceous 
cl ays tone and then coal in a few decimetres; this rapid gradation 
increases the difficulties associated with subdividing the mudstone 
category. The mudstones may represent a range of overbank facies from 
levee deposits (poorly bedded, bioturbated, coarser-grained mudstones) 
to distal backswamp deposits (massive, dark, organic-rich, fine­
grained mudstones). The alternation between mudstone and interbedded 
fine elastics may be due to migration of stream channels and the 
associated levee facies belts within a meander belt or to varying 
flood intensities. The transition from mudstone to coal marks the 
cessation of clastic sediment accumulation, caused by sediment 
starvation, diversion or obstruction, and the gradual colonisation of 
the flood basin backswamps by peat-forming vegetation. The mudstones 
which occur interbedded with the coal represent episodes of flooding in 
the backswamps where peat was accumulating. Whether flooding tempor­
arily killed off the swamp vegetation or whether die-back of the 
vegetation facilitated flooding is uncertain; these possibilities are 
discussed in sections 5.1.5(b) and (c).
In addition to the development of coals above the fine clastic
member, fining upward cycles in the Sydney Subgroup differ importantly
in their geometry from the facies model for high sinuosity meandering
streams presented by Allen (1965). According to Allen's model, the
coarse members of point bar deposits occur in long narrow beaded belts
(Allen, 1965, Fig. 35D), whereas the coarse members of many Sydney
Subgroup cycles are widespread units - in some cases covering almost
2 e
the entire study area ( ~ 1200 km ), albeit varying considerably in 
internal sequence and thickness. In this respect, the fining upward
242
cycles are similar to the deposits of low sinuosity streams (Allen,
1965, Fig. 35C). Low sinusoity streams are not confined to a meander 
belt and are consequently free to sweep broadly across the floodplain, 
resulting in the deposition of widespread fining upward channel sand­
stones. However, the topstratum deposits of low sinuosity streams are 
thin and laterally discontinuous, unlike those of some Sydney Subgroup 
cycles, which represent uncompacted thicknesses of sediments and peat 
up to several tens of metres. Saxena (1979) remarked on the common 
occurrence of blanket-type fining upward sandstones in the fluvial and 
upper delta plain regimes and attributed their development to the 
coalescence of individual point bar deposits as a result of "multiple 
lateral shifting of the channels" (i.e. avulsion). According to Saxena 
these blanket sandstones are inter!ayered with only minor amounts of 
shale and siltstone. This model seems appropriate to the fining upward 
cycles of the Sydney Subgroup, where rapid compaction of large thick­
nesses of peat, initially under its own weight and subsequently under 
the weight of clastic sediments, may facilitate repeated avulsion. It 
is noteworthy that most of the major, named seams in the upper part of 
Sydney Subgroup {viz. Bui 1i, Balgownie, Cape Horn, Woronora, Wongawilli) 
top fining upward cycles in the upper part of the Subgroup, suggesting 
that thick competent low-compacting sandstones provided a stable 
foundation for prolonged and widespread peat accumulation. However, 
this explanation is difficult to reconcile with the strong petrographic 
disparities which occur between, for instance, the Bulli Coal (inert- 
ini te-rich, few dirt bands) and the Wongawilli Coal (vitrinite-rich, 
abundant dirt bands).
The composite thickness of multiple point bar substratum units 
in a single Sydney Subgroup fining upward cycle exceeds 30 m in some 
cases. However, the thickest individual substratum member in the eight
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borehole sections studied is in the order of 10 m thick. Allowing for 
compaction, 12-15 m may be taken as a conservative estimate of the 
maximum bankfull depth of stream channels in the area. This value 
compares with a maximum value in the order of 25 m for point bar 
deposits of the Mississippi River and average channel depths of 10-12 m 
in the reaches of the River Niger where point bars are developed 
(Allen, 1965).
Fine-coarse-fine cycles
The preferred sequence of lithologies between successive coals, 
excluding fining upward cycles, is indicated by Fig, 37B and consists 
of
coal -> mudstone -> laminite + fine -> interbedded -* mudstone -*
sandstone fine elastics
coal.
This sequence may be interpreted in terms of a lower delta plain model 
and the variants explained in terms of location on the floodplain with 
respect to stream channels and to crevasse splays. The envisaged 
relation between lower delta plain sub-environments and the sequence of 
underlying lithologies is shown schematically in Fig. 73. This model 
is intended to explain the simpler lithological sequences indicated in 
Fig. 37B in terms of proximity to channels and crevasse splays. 
Accordingly, the sequences in Fig. 73 are short and simple and do not 
encompass the wider variety of fine-coarse-fine cycles present in the 
Sydney Subgroup. Explanations of the longer oscillating sequences must 
be sought in the vagaries of sediment supply, compactional subsidence, 
crevassing and channel migration, and in the complex geometries of the 
migrating facies zones. The interaction of these factors may be 
invoked to explain the lower degree of ordering in fine-coarse-fine 
cycles as compared with fining upward cycles, the latter having been
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generated by more systematic lateral migration of facies belts of 
simpler geometry.
In terms of the model in Fig. 73, the transition from coal to 
mudstone represents an episode of flooding during which overbank muds 
(silt, clay, organic detritus) are introduced into the backswamps, which 
were previously sites of peat growth and accumulation. Compaction of 
the peat, accelerated by the blanket of clastic sediments, may produce 
a local increase in gradient between stream channels and the floodbasin, 
resulting in levee extention or encroachment, indicated by the tran­
sition from mudstone to laminite which is interpreted as a distal levee 
facies. Continued coarsening upward to fine sandstone may represent 
the incursion of crevasse splay sediments into the backswamps. The 
transition from fine sandstone to interbedded fine elastics indicates 
waning flow from the main channel into the floodbasin as the flood 
subsides. The weak oscillating tendency between fine sandstone and 
interbedded fine elastics is ascribed to repeated flooding before the 
gradient advantage is lost, the crevasse splay abandoned and the 
crevasse sealed. In some cases the crevasse splay may be colonised 
directly by vegetation, as indicated by the weak tendencies for coal to 
succeed fine sandstone and interbedded fine elastics, but more commonly 
overbank sedimentation completes the filling of the floodbasin 
depressions (by muds) before the establishment of the .peat-forming 
vegetation.
In summary, on the basis of lithology and sequence types, the 
Sydney Subgroup is interpreted as a regressive deltaic succession. The 
lower part of the Subgroup is dominated by fine-coarse-fine cycles, 
which are considered to represent sediment and peat accumulation in a 
lower delta plain environment, whereas the upper portion is dominated 
by fining upward cycles, interpreted as upper delta plain or fluvial
P O
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point bar deposits and peats. The increasing proportion of fine-coarse- 
fine cycles northward into the deepest part of the southern Sydney 
Basin suggests that lower delta plain conditions prevailed in that 
direction. The combined vertical and lateral trends in the ratio of 
fining upward to fine-coarse-fine cycles suggest that the point bar - 
coal sequences prograded northward over the lower delta plain sequences. 
The southern provenance implied by this model is consistent with the 
northerly palaeoslope indicated by the results of trend-surface 
analysis of formation thickness variation.
(b) The development of intra-seam cycles in the Sydney Subgroup
In order to explain the origin of dulling upward cycles in coal 
seams of the Sydney Subgroup and in Australian Permian coals generally, 
an explanation is required for the origin of the inertinite-rich 
("dull") coal lithologies. Australian Permian coals, including some 
seams in the Sydney Subgroup, contain a very high proportion of iner- 
tinite - chiefly semifusinite, inertodetrinite, and material normally 
classified as macrinite on the basis of phyteral size and amorphousness, 
but commonly similar in reflectivity, relief and angularity to inerto- 
detrinite (see Cook, 1975). These macerals are generally considered 
to have formed from the same type of plant material as vitrinite, but 
to have experienced a greater degree of oxidative degradation during 
the peat stage (Teichmuller, 1975). The nature of the oxidising 
conditions is, however, more equivocal. By analogy with the semi- 
fusinite-rich durites in British Carboniferous coals (Incursion phase 
of Smith, 1962, 1968), such an association of inertinite macerals might 
be taken to indicate an allochthonous origin involving oxidation of the 
plant matter during transportation. On microtextural grounds, however, 
it seems likely that most Australian Permian coals (including the 
inertinite-rich lithologies) are autochthonous in origin. In the case
247
of the Sydney Subgroup the sedimentary setting of the coal seams, 
discussed previously, also supports the concept of in situ  peat 
accumulation. Smyth and Cook (1976) also argued for an autochthonous 
origin for most Australian Permian coals (except torbanites and rare 
cannels) on the basis of microtextural and stratigraphic considerations.
The mechanism for producing the intra-seam dulling upward cycles 
appears then to involve an increasing tendency for oxidation to occur 
at the site of peat accumulation. This tendency is presumably 
associated with progressively drier conditions at the peat surface 
during the formation of each cycle. The upward increase in the ratio 
of inertinite to vitrinite in the coal portion of each cycle implies 
a relative lowering of the water table with respect to the peat surface. 
This relative movement between the water table and the peat surface 
may be due to either lowering of the water table by virtue of climatic 
and/or drainage changes or raising of the peat surface as peat 
accumulation outstrips subsidence. Smyth and Cook (1976) favoured the 
latter mechanism. In their view, the peat surface rose above the water 
table as the rate of subsidence fell behind the rate of peat accumulation 
resulting in varying degrees of oxidation, ablation and possibly 
erosion of the plant material at the surface of the raised bog. Thus, 
the lower, vitrinite-rich portion of a given dulling upward cycle 
corresponds to moist conditions, presumably involving free surface 
water, whereas the upper inertinite-rich portion corresponds to drier 
conditions resulting from the growth and accumulation of the peat to a 
level above the water table.
Smith (1962, 1968) also favoured the raised bog concept to 
explain the sequence of miospore phases and associated coal micro- 
1 ithotypes in British Carboniferous coal seams. Four miospore phases - 
Lycospore, Transition, Densospore and Incursion - were distinguished on
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the basis of characteristic spore assemblages. These were correlated 
with coal microlithotypes as follows:
(a) Lycospore phase: vitrite and clarite
(b) Transition phase: duroclarite and clarodurite
(c) Densospore phase: macrinite-rich durite
(d) Incursion phase: semifusinite-rich durite.
The "simplest", "full" sequence was given as Lycospore-Transition- 
Densospore-Transition-Lycospore, interrupted at any position by the 
Incursion phase. This sequence may, however, be terminated at any 
stage or alternatively may be extended by repeated alternation of any 
two adjacent phases. Smith related this sequence to changes in the 
vegetational type, in response to changing groundwater conditions (which 
affect the availability of plant nutrients). The Lycospore phase (and 
vitrinite-rich coal) was correlated with moist conditions involving 
free water on the peat surface. As the peat thickness increased, 
thereby raising the surface of the bog, the water cover was withdrawn. 
This transition to drier conditions was accompanied by a progressive 
change in the type of plant community, which culminated in the Denso-
spore phase (macrinite-rich durite). The Incursion phase, which is 
relatively richer in species than the other 3 phases and is associated 
with higher mineral matter contents, may represent material transported 
during a flood. Smith's explanation differs from that of Smyth and 
Cook ( 1976) in the emphasis it places upon the effect of plant type on 
coal facies. The Lycospore phase represents a plant community dominated 
by arborescent lycopods, which would yield a lignin-rich parent plant 
material relatively more resistant to oxidative degradation in the peat 
stage than that corresponding to the Densospore phase. Thus, ground­
water conditions control the type of plant community and hence the 
chemical composition of the parent material of the peat, which in
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turn determines the maceral and micro!ithotype composition of the coal 
On the basis of available information, it is not possible to evaluate 
the relative importance of changing plant types as opposed to changing 
redox potential in determining the microlithotype composition of 
Australian coals. Although a response in the type of plant community 
to fluctuating groundwater levels is likely, the common occurrence of 
vitrinite-inertinite transitions within individual phyterals confirms 
that at least some of the maceral variations are due to differential 
oxidative degradation.
The preferences revealed by Markov chain analysis for dirt bands 
to be preceded by an inertinite-rich lithology and succeeded by a 
vitrinite-rich lithology indicates that dirt bands form an integral 
part of the intra-seam dulling upward cycle. As such, the origin of 
most dirt bands is to be sought in the mechanism of cycle formation and 
not, in most cases, in processes external to the depositional basin 
(e.g. volcanic events). Extraneous processes would produce randomly 
superimposed effects upon the succession of dulling upward cycles.
Smyth and Cook (1976) regarded floods as the most likely cause of dirt 
bands. Similarly, Loughnan (1971) considered the dirt bands in the 
Wongawilli Coal to be the products of reworking and redistribution of 
fine colloidal .kaolinite precipitates which had accumulated upstream of 
the peat swamps. These explanations contrast with the widely accepted 
tuffaceous origin for the dirt bands.
The strong memory of dirt bands for the inertinite-rich lithology 
indicates that the effectiveness of the flood in depositing a layer of 
sediment across the peat swamp was partially dependent upon the attain­
ment of the drier conditions inferred from the underlying dull coal.
The drier conditions might inhibit further growth of peat-forming 
vegetation (and/or produce a change in the type of plant community)
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which could reduce the effectiveness of the vegetational barrier. 
Sediment-laden floodwaters could more easily penetrate deeper into the 
peat swamp, whereas previously the suspended sediments had been filtered 
from the floodwaters at the margins of the swamp.
According to Smyth and Cook (1976) dirt bands may mark a return 
to more moist conditions. The layer of inorganic sediments deposited 
during a flood may also accelerate the compaction of the underlying peat, 
producing a local increase in the subsidence rate. The sediment surface 
gradually subsides below the water table, thereby renewing the moist 
conditions required for peat growth and preservation as vitrinite. 
Further, the dirt band may provide a more nutritive substrate for plant 
growth. The authors explained the return to vitrinite-rich coal in the 
absence of dirt bands in terms of changes in the water table or water 
supply which are likely to occur frequently in deltaic and fluvial 
environments in response to frequent shifts in the positions of stream 
channels.
(c) Termination of peat-forming conditions prior to initiation of a
new inter-seam cycle in the Sydney Subgroup
For peat growth to take place, a delicate balance is required 
between subsidence and the accumulation of plant material, with the 
water table maintained at or near the peat surface to ensure preservation 
of the plant material as peat. Cessation of peat growth implies a 
disturbance to this balance and concomitant flooding of the peat swamp 
by inorganic epiclastics, notably mud or coarse sand in the case of the 
Sydney Subgroup. The majority of theories of cyclic sedimentation have 
assumed that flooding terminated peat accumulation: intermittent 
subsidence in the depositional basin, glacio-eustatic or tectono- 
eustatic rise in sea level, delta-switching have all been invoked to 
explain the widespread marine transgressions which succeeded peat
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accumulation in the Carboniferous cyclic successions of the Northern 
Hemisphere. Duff et ai.  (1967) rejected the theories involving inter­
mittent subsidence and eustatic changes in sea level in favour of 
sedimentational controls on cyclic sedimentation. These authors 
described several mechanisms innate to the sedimentary environment 
whereby flooding may terminate peat accumulation and produce a return 
to epiclastic sedimentation. These included the breaking down of an 
offshore sand barrier followed by flooding by the sea; subsidence 
related to differential compaction of the underlying sediments and peat; 
and distributary changes resulting in the swamp being deprived of 
freshwater necessary for plant growth and peat preservation.
Duff et ai.  (1967) also proposed an alternative hypothesis for 
the cessation of peat formation whereby flooding occurred because the 
swamp vegetation ceased to flourish, rather than the flooding causing 
peat growth to decline. They argued from modern examples that changes 
in the nutritional properties of the substrate and in drainage patterns 
may affect the type of plant community and determine whether the growth 
of vegetation flourished or declined; that is, the process of peat 
accumulation contains the mechanism of its own decline.
Johnson and Cook (1973) developed this edaphic control hypothesis 
in relation to the coal-bearing fining upward cycles of the Moon Island 
Beach Subgroup, Newcastle Coal Measures. Smyth (1966) had earlier noted 
an overall increase in inertinite content toward the tops of coal seams 
in the Moon Island Beach Subgroup. Johnson and Cook (1973) interpreted 
this trend in terms of a change to drier conditions, resulting in 
oxidation and possibly leaching of the peat and a slowing down in the 
rate of accumulation. Under these conditions, "the balance of levels 
(i.e. subsidence and peat accumulation) can more readily be displaced 
to permit the accumulation of epielastics and the initiation of a new
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cycle" (p. 108). As discussed previously, Smyth and Cook (1976) also 
explained the initiation of successive intra-seam dulling upward cycles 
in terms of this edaphic control mechanism. These authors suggested 
that some intra-seam cycles may be laterally equivalent to inter-seam 
cycles, implying a common mechanism of cycle termination.
The edaphic control theory of cycle termination seems appropriate 
to the inter-seam cycles of the Sydney Subgroup. The return to 
prolonged, widespread epiclastic sediment accumulation marking the 
initiation of a new inter-seam cycle may be ascribed to the same factors 
thought to be responsible for the termination of intra-seam cycles, 
viz: a decline in the growth and accumulation of peat-forming vege­
tation due to changing edaphic conditions, followed by severe flooding 
of the swamps by muds and sands, after which the peat-forming vegetation 
was unable to re-establish until the sediment surface converged on the 
water table. The decline in the rate of peat accumulation, coupled 
with continued subsidence in the depositional basin, would produce the 
necessary gradient advantage for prolonged overbank sedimentation, 
crevassing or avulsion to occur. However, the destruction of the swamp 
vegetation by flooding resulting directly from subsidence (related to 
differential compaction) may account for the termination of some coal 
seams.
(d) Lateral variations in the cyclic characteristics of the Sydney
Subgroup
The results of regression analysis indicate that the number and 
average thickness of cycles in the Tongarra Coal - Bui 1i Coal interval 
vdry geographically. Both variables are strongly correlated with total 
section thickness, suggesting a causal relation between cycle formation 
and differential subsidence during the Permian. On the other hand, 
broad-scale theories of cycle formation involving epeirogenic movements,
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climatic fluctuations or eustatic changes in sea level, are inconsistent 
with the lateral variation in the number of cycles in the interval.
These agencies would produce a constant number of cycles over the area 
of influence. Duff et ai. (1967) discussed at length the difficulties 
in reconciling these theories with lateral variations in cycle 
frequency.
The strong linear relation between the number of cycles and total 
section thickness appears to reflect the development of cycles of 
limited geographic extent in the thicker northern portion of the 
succession. While additional cycles were deposited in the rapidly 
subsiding northern part of the study area, the more stable southern 
area may have experienced breaks in accumulation and/or reworking and 
redistribution of both organic and inorganic material. For example, 
the Eckersley Formation below the Balgownie Coal Member comprises a 
thick sequence of coal and elastics in the north and is reduced to a 
thin sequence of fine-grained carbonaceous elastics in the south, as a 
comparison between D.M. Bores 86 and 45 (Appendix I) shows.
An alternative explanation of the relation between the number of 
cycles and total section thickness is that coal seam splitting increased 
in frequency northward in the direction of increasing subsidence rate.
An increase in the frequency of seam splitting might be expected in 
consequence of the increased likelihood of crevassing in the lower 
delta plain environment. However, with the exception of the Bui 1i Coal, 
detailed seam geometry is poorly known in the northern part of the 
study area because few bores penetrate far into the Sydney Subgroup and 
because lateral facies variation hinders seam correlation. In the 
extreme northeast of the study area, the Bui 1 i Coal thins and a thin 
rider seam is recorded above it in a few bores, suggesting that 
subsidence was here too rapid to support uninterrupted peat growth. On
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the basis of currently available information, it is not possible to 
evaluate the contribution of seam splitting to the number of cycles - 
total thickness relation.
The average cycle thickness was also found to increase into 
areas of thicker total section. The linear relation explains 38.4% of 
the total variation and the negative quadratic term explains a further 
8.5%, suggesting that the total section thickness increases more 
rapidly than the average thickness of cycles. This is rendered possible 
mathematically by the substantial proportion of the variation (25.5%) 
left unexplained by the relation between the number of cycles and total 
thickness. Geologically, the negative quadratic term appears to reflect 
an increase in the proportion of relatively thinner fine-coarse-fine 
cycles to thicker fining upward cycles northward in the direction of 
thicker total section, as established in section 3.3. This distri­
bution of cycle types is, in turn, related to thickening and fanning 
out of the delta northward in response to the greater subsidence rates 
in this direction. As suggested by Johnson and Cook (1973), this 
relationship may provide a useful environmental indicator in that it 
appears to respond sensitively to the balance between sediment supply 
and subsidence.
The lack of correlation between the average cycle thickness and 
the number of cycles appears to be due to the departure from linearity 
in the previous two relations and,particularly, the relation between 
average cycle thickness and total section thickness. In view of the 
significant negative quadratic component in the latter relation, it 
might be expected that the number of cycles increases more rapidly than 
average cycle thickness into areas of thicker section, but the high 
total of unexplained variation in the previous relations obviously 
obscures this effect.
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5.2 Structural control on Permo-Triassic sedimentation
In the previous section, a relation was established between 
regional subsidence and certain cyclic characteristics of the Sydney 
Subgroup. Trend-surface analysis of the structure and thickness of 
successive Permian and Triassic formations in the Subgroup was carried 
out to evaluate further the structural control on sediment accumulation. 
The results of this investigation are discussed below (5.2.1). The 
remainder of this chapter (5.2.2) comprises a review of similar 
quantitative studies of the relation between contemporaneous subsidence 
and areal variations in coal seam properties in the Southern Coalfield.
5.2.1 The relation between formation structure and thickness
Using trend-surface analysis it has been possible to 
resolve the formation structure in the Southern Coalfield into a north- 
plunging regional syncline in the west and anticline in the east, and 
local synforms and anti forms. Similar analyses of the thickness 
patterns for successive formations in the interval between the bases of 
the Wongawilli Coal and the Hawkesbury Sandstone yield trend surface 
and residual maps which are suggestive of an inverse relation between 
formation structure and thickness on both a regional and a local scale.
Both the regional trends and local variations obtained in this 
study agree closely with the structural and thickness patterns reported 
by Cook (1969a) for the Bulli Coal across the southern Sydney Basin.
This agreement supports the geological validity of the patterns of areal 
variation, particularly in view of the differences in control-point 
distribution and study area size between the two studies. Moreover, 
the present results confirm quantitatively the structure-thickness 
relation observed by Cook (1969a) in relation to the Bulli Coal and, 
additionally, indicate a similar relation for most of the other
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formations studied.
A statistical comparison between present-day structure and 
thickness of the Bulli Coal indicates a strong negative correlation 
between the regional (trend) components and a significant negative 
correlation between the local (residual) components. This inverse 
relation between the present-day structure and thickness of the Bulli 
Coal suggests, first, that differential subsidence was the dominant 
factor influencing the thickness variation of the Bulli Coal and, 
second, that the present-day structural configuration is largely 
derived from the Permian subsidence patterns. Although the coal seam 
thickness was undoubtedly affected by local ablation and erosion of the 
accumulating peat, the close geographical correspondence between 
structure and thickness domains suggests that this factor was not, as 
Shibaoka and Bennett (1975, p. 336) concluded, independent of the 
differential subsidence factor. The peat accumulating in the struc­
turally positive areas would be more vulnerable to ablation associated 
with fluctuations in the level of the water table than the more rapidly 
subsiding negative areas. If the peat growth were halted, then flooding 
could occur, possibly accompanied by erosion and followed by epi- 
clastic sedimentation.
There is a strong resemblance between the present-day and the 
inferred Middle Triassic configuration of the Bulli Coal horizon, both 
on a regional and a local scale. Furthermore, a comparison of the 
present-day and the inferred Triassic structure on the basis of the 
fourth-degree trend surface and residual contour maps demonstrates that 
a significant portion of the total deformation had occurred before the 
onset of Bald Hill Claystone sedimentation. The summed absolute values 
of the fourth-degree structural residuals indicate that 40% of the 
present-day local structural variation had occurred by this time. These
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observations suggest that the present-day structure is an amplification 
of the Triassic structure. The strong inverse correlations of both the 
present-day and the inferred Triassic configurations of the Bulli Coal 
with coal seam thickness indicate that the regional and local patterns 
of structural variation reflect differential subsidence patterns which 
were extant during sedimentation in the Permian and Triassic periods.
In view of this evidence, the author agrees with Cook (1969a) that it 
is unnecessary to invoke the concept of major warping associated with 
the late Tertiary Kosciusko Uplift to explain the deformation of the 
southern Sydney Basin.
The analysis-of-variance data in Table 36 show that the fourth- 
degree thickness residuals explain 47.74% of the total variance in the 
case of the Bulli Coal and only 21.73% in the case of the Bald Hill 
Claystone. Furthermore, the fourth-degree structural residuals for the 
base of the Hawkesbury Sandstone (Fig. 50) are of considerably lower 
amplitude than those for the base of the Bulli Coal (Fig. 48). From 
these comparisons it may be inferred that the activity of the under­
lying local structures was decreasing from the late Permian onwards.
The analysis-of-variance data (Table 36) associated with the 
present-day structure of the bases of. the Bulli Coal and the Hawkesbury 
Sandstone show that the regional structures now account for most of 
the structural variation; the fourth-degree trends explain more than 
96% of the total variance. This suggests that, as the activity of the 
local structures waned during the Triassic, regional differential sub­
sidence became relatively more important. In absolute terms, however, 
the regional subsidence was also diminishing. This is indicated by the 
lower amplitude of the fourth-degree structural trend surface for the 
Hawkesbury Sandstone as compared with the Bulli Coal (Figs. 46 and 45) 
and by the systematic decrease in the magnitude of the first-degree 
structural gradients upward through the sequence (Table 25).
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Table 36: Analysis-of-variance data for the Bulli Coal, Bald 
• Hill Claystone and Hawkesbury Sandstone.
Formation Source of Percentage of variation explai ned
variation Thickness Present-day Tri assic
structure structure
Bulli Coal Deg. 4 trend 52.26 96.56 92.52
Deg. 4 residuals 47.74 3.44 7.48
Bald Hill Deg. 4 trend 78.27 96.44
Cl aystone Deg. 4 residuals 21.73 3.56
Hawkesbury Deg. 4 trend 96.24
Sandstone Deg. 4 residuals 3.76
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Although both regional and local structures appear to have 
become less active during Narrabeen Group times, the geographical 
stability and temporal persistence of these structures suggest that 
they were coupled to basement subsidence, rather than to compaction- 
related subsidence. The presence in the Southern Coalfield of major 
growth faults, which were active during the Permian and Triassic, but 
gradually die out upward through the sequence, has been recorded by 
Osborne (1948), Wilson et al. (1958), Cramsie (1964) and Stone and 
Cook (1979). In view of the parallelism of the major group of faults 
in the Southern Coalfield (described by Wilson et a l ., 1958) with the 
northwest-trending features in the structural and thickness residuals 
maps, block-faulting emerges as a possible mechanism whereby basement 
subsidence influenced the thickness (and presumably other properties) 
of the accumulating Permian and Triassic formations. Cook (1969b) 
proposed a block-faulting mechanism involving a combination of deep- 
seated (basement) faults and superficial adjustment faults to account 
for the small-scale structures in the southern Sydney Basin. Present 
attempts to evaluate quantitatively the contribution of differential 
compaction to the subsidence pattern yielded inconclusive results.
Johnson (1973, 1974) obtained a similar inverse relation between 
the structure and thickness of individual formations in the Moon Island 
Beach Subgroup in the Macquarie Syncline (northeastern Sydney Basin)-. 
With the exception of the Teralba Conglomerate, all formations in the 
Subgroup yielded negative correlation coefficients for the structure- 
thickness relation on a regional and a local scale, with the co­
efficients for coal seams being stronger than those for the clastic 
formations. Both the regional and local structures, reflected in the 
formation thickness patterns, appear to persist upward through the 
Subgroup, indicating possible coupling to basement subsidence comparable
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to that inferred for the southern Sydney Basin. Johnson concluded 
from these results that, apart from the regional southeasterly homo- 
clinal dip which resulted from later movement along the Hunter-Mooki 
Thrust, the present-day structures in the Macquarie Syncline are a 
simple intensification of Permian structures.
The sense of the structure - thickness relation in the southern 
and northeastern Sydney Basin (and presumably elsewhere in the Basin) 
contrasts with the regional relations reported by Bennison and Wright 
(1969) for the Westphalian Coal Measures succession in Britain: the 
thickest Westphalian successions correspond with present-day regional 
structural highs. On a smaller scale, Doveton (1969, 1971) also 
demonstrated a positive correlation between structural and thickness 
values relating to a thin clastic interval in the Ayrshire Coal 
Measures, Scotland. Using trend-surface analysis, Doveton obtained 
positive correlation coefficients between the structural and thickness 
residual values, although not between the trends. The interval thickens 
regionally southwards, presumably in response to an underlying palaeo- 
slope off the Atlantean massif. This pattern appears to be independent 
of the present-day regional basin structure, which is inferred to have 
developed during late- or post-Carboniferous times. Doveton found no 
evidence of a relation between structure and thickness for either of 
the coal seams bounding the clastic interval {viz. the Ell and Main 
Coals) and concluded that the coal seam thickness was locally
controlled by factors relating to sedimentary facies, (? compactions!) 
subsidence and palaeoecology.
5.2.2 Structural control on coal quality variables
It has been demonstrated by Cook and Johnson (1975) and 
Cook (1978), that the areal variation in a number of coal seam
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properties in a portion of the Southern Coalfield is related to the 
present-day seam structure, suggesting a possible causal relation 
between these properties and differential subsidence during the Permian.
Cook and Johnson (1975) analysed the variation in properties 
of the Bui 1i Coal in a small area (29.8 sq. km.) situated on the 
southern flank of the South Bui 1i Syncline within the boundaries of 
two adjacent colliery holdings (A.I.S. Kemira and Corrimal). The 
properties studied were seam structure (reduced level), seam thickness, 
ash yield, (total) sulphur content, phosphorus content, and swelling 
number. Conventional partial trend-surface analysis was applied to 
each of these properties to delineate the individual patterns of areal 
variation and then first-degree canonical trend surfaces were computed 
to assess the interrelations among the properties.
The Bulli Coal structure is adequately described at this scale 
by a first-degree trend surface (97.9% variation explained); the strike 
direction of the trend surface (104°) parallels the axis of the South 
Bulli Syncline. First-degree trend surfaces also explain a high 
proportion of the variation for the stratigraphic and economic thick­
ness of the Bulli Coal (76.2% and 77.9%, respectively). The strike 
directions of these trend surfaces (145° and 150°) coincide very 
closely with the strike of the first-degree structural trend surface 
when the latter is corrected for the northwesterly regional dip of the 
Bulli Coal, indicating a strong relation between seam structure and 
thickness at this scale. The sense of the relation agrees with the 
results of the present study: the seam thickens down dip in a north­
easterly direction. The strike lines of the first-degree trend surfaces 
for ash yield, swelling number and phosphorus content all lie within 
the southeast quadrant. Although the percentage of variation ex­
plained by these 3 surfaces does not exceed 27.9%, the close corres­
pondence of the strike lines with those for corrected structure and
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thickness suggests a possible correlation among the variables. The 
third-degree ash trend surface (41.3% variation explained) describes 
a more complex pattern of variation involving a rapid increase in 
values in the west where, as shown by the fourth-degree thickness 
trends, seam thickness also decreases. The authors attributed this 
inverse relation between ash content and seam thickness to the effects 
of peat ablation in areas of thin seam development (which also tend to 
coincide with structural highs). The positive correlation between 
swelling number (and hence vitrinite content) and seam thickness and 
the inverse relation between these variables and seam structure were 
explained in terms of the increased chance of preservation of plant 
material as vitrinite in the more rapidly subsiding area. Conversely, 
an association of low-vitrinite (hence high-inertinite) and high ash 
coal might be expected to occur on the structural highs, where the 
tendency for ablation and oxidation of the peat is greater (see also 
Cook, 1975). To this explanation of the development of high-swelling, 
vitrinite-rich coals in structurally low areas might be added a possible 
preference for a lignin-rich (woody) vegetation to inhabit the wetter, 
low-lying, rapidly subsiding portions of the peat swamp.
Although sulphur content does not show any significant trends in 
areal variation, phosphorus shows a weak trend involving a northeasterly 
increase in the direction of increasing seam thickness and decreasing 
ash content, suggesting that relatively little of the phosphorus is 
directly associated with epiclastic minerals. The authors noted that 
the phosphorus content of the dirt bands in the Bulli Coal is 
relatively high and tends to increase toward the roof of the seam, 
whereas the phosphorus content of the coal plies decreases toward the 
roof. The vertical variation was explained in terms of the development 
of a source of phosphorus-rich epiclastic sediments during the
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accumulation of the peat, and the lateral variation to differing 
degrees of leaching of the peat. Thus, thinner seam sections, which 
are poorer in phosphorus, may represent more severely leached (oligo- 
trophic) peats and thicker seam sections less severely leached 
(eutrophic) peats.
The sense of the interrelations among the coal quality variables 
and seam thickness was preserved in the results of canonical trend- 
surface analysis, using two different combinations of variables. 
Furthermore, although residuals maps were not presented, Cook and 
Johnson (1975) recognised a number of consistent features in the 
residuals which suggested a positive correlation among certain of the 
variables (seam thickness, swelling number, phosphorus content) and a 
negative correlation between these variables and reduced level and ash 
yield.
Cook (1978) also carried out trend-surface analysis on vitrinite 
reflectance data relating to the Bui 1i Coal in order to delineate the 
areal variations in the rank of this coal seam and, by relating the 
reflectance trends to structural trends, to deduce the relative 
importance of the factors which determine coal rank. The third-degree 
reflectance trend surface has a "synclinal" configuration, similar to 
the high-degree surfaces for depth of cover on the Bui If Coal (see Cook 
and Shiels, 1968) and for present-day seam structure, except that the 
axis of the reflectance trend surface lies some 16 km east of the axes 
of the depth of cover and structural trend surfaces. Cook (1978) 
attributed the rank pattern chiefly to temperature differences in the 
southern Sydney Basin, rather than to differences in the duration of 
these temperatures in different parts of the basin. He also attributed 
the inferred high temperatures in the eastern part of the basin to 
higher geothermal gradients, which are indicated by higher (vertical)
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rank gradients in this region. An alternative explanation is that 
the maximum depth of cover on the Bulli Coal has shifted westward 
since coalification occurred. This explanation seems unlikely, 
however, in view of the strong regional coincidince between the thick­
ness and present-day structure of the Bui 1i Coal.
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Chapter 6 
CONCLUSIONS
The Permo-Triassic succession of the southern Sydney Basin 
entails more complex vertical and lateral facies variations than are 
generally appreciated. In this study, these variations have been 
examined using a mathematical modelling approach in conjunction with 
detailed borelog data compiled by the author.
The lithological ordering of the coal-bearing Permian Sydney 
Subgroup was analysed using a Markov model based substantially upon 
the model developed by Doveton (1969; 1971; pers. comm., 1976), as this 
seemed to offer the most objective method available of testing for 
cyclicity and erecting cyclic models. Careful consideration was given 
to the mathematical assumptions of the model and to the method of 
structuring the borehole sequences, as these factors control the 
mathematical and hence the geological validity of the results. The 
precise form of the Markov model was partly dictated by the form of 
the sequential data used in the study. ;
Statistical tests indicate that the Sydney Subgroup is adequately 
described in terms of a first-order Markov process, with only minor 
elements of second-order memory involved. Analysis of triplets - 
groups of 3 successive lithologies - reveal that 23 triplets occur 
statistically more frequently than expected in a random sequence with 
identical lithological proportions; however, all but two triplets 
(coal-»-fine sandstone->coarse sandstone and 1 aminite-rniudstone-Haminite) 
appear to be attributable to the compound effects of elements of first­
order memory. The large number of nonrandom triplets associated with 
oscillating lithologies is also indicative of weak ordering. Further, 
entropy calculations confirm that the degree of ordering is low (0.134).
The first-order preferred transition path corresponding to the 
bulk tally matrix (derived from the 8 borehole sequences representing 
the Tongarra Coal - Bui 1i Coal interval) indicates a strong tendency 
for the sequences to fine upward gradually from coarse sandstone to 
mudstone and then coal. A weaker tendency involving gradual coarsening 
upward from coal through mudstone and laminite to fine sandstone is 
also indicated by this preferred transition path.
These trends in vertical variation in lithology suggested the 
approach of subdividing the original sequences into interseam segments 
and then recombining the segments into two artificial sequences 
consisting of (i) fining upward clastic sequences (containing coarse 
sandstone) topped by coal, and (ii) all remaining types of interseam 
sequence. The first-order preferred transition paths for the artificial 
sequences reinforced the fining upward tendency and confirmed a fine- 
coarse-fine pattern in the remaining interseam segments. The fining 
upward segments represent a primary modal cycle in the terminology of 
Duff and Walton (1962) and the fine-coarse-fine segments represent a 
number of less dominant modes.
The Sydney Subgroup is interpreted as a regressive fluviodeltaic 
sequence on the basis of a comparison of lithological characteristics 
and sequence types with those of modern fluviodeltaic deposits. The lower 
part of the sequence contains a higher proportion of fine-coarse-fine 
interseam sequences than the upper part which is dominated by sequences 
of fining upward type. The fine-coarse-fine cycles may represent 
sediment and peat accumulation in a predominantly lower delta plain 
environment, the coarser central portion of the cycle being due to the 
approach of channels or the development of crevasse splays in the 
backswamps where previously peat and then overbank muds had accumulated. 
These cycles owe their diversity to the vagaries of sediment supply,
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compactional subsidence, crevassing and channel migration, and to the 
complex geometries of migrating facies zones in the lower delta plain 
environment. The fining upward cycles may represent point bar 
deposition in a predominantly upper delta plain or even a fluvial 
environment. Individual fining upward cycles are commonly of wide 
lateral extent, whereas most fine-coarse-fine cycles cannot be 
correlated with the same degree of certainty over comparable distances. 
The fining upward cycles appear to be the result of repeated channel 
switching and concomitant point bar formation over a broad floodplain, 
succeeded by colonisation by peat-forming vegetation.
Two fairly weak trends occur in the distribution of the fining 
upward and fine-coarse-fine cycles. First, the proportion of fine- 
coarse-fine cycles increases northward into the central part of the 
regional syncline forming the southern Sydney Basin, indicating a 
Permian palaeoslope in that direction. Second, the proportion of 
fining upward cycles increases irregularly toward the top of the 
Sydney Subgroup, indicating an oscillating progression from lov/er delta 
plain to upper delta plain or fluvial conditions at the end of the 
Permian. The combined lateral and vertical trends in the ratio of 
fining upward to fine-coarse-fine cycles suggest that the point bar - 
coal sequences prograded northward over the lower delta plain sequences, 
and are consistent with the overall regressive character of the Permo- 
Triassic succession of the Sydney Basin.
The effects of contemporaneous differential subsidence upon 
Permo-Triassic sedimentation were explored quantitatively using 
regression models and associated statistical tests on these models. To 
investigate the relation between subsidence and cycle formation, the 
regional variation in both the number and average thickness of cycles 
was analysed as a function of the thickness of the Tongarra Coal - Bul 1 i
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Coal interval using polynomial regression analysis. Assuming that the 
variation in the total thickness of this stratigraphic interval reflects 
a correspondí*ng variation in net subsidence in the depositional basin, 
the positive correlation between the number of cycles and total section 
thickness suggests a probable causal relation between cycle formation 
and contemporaneous regional subsidence. While additional cycles of 
restricted areal extent were deposited in the rapidly subsiding 
northern part of the study area, the more stable southern area may have 
experienced breaks in sediment and peat accumulation and/or reworking 
and redistribution of both inorganic and organic material. The positive 
correlation between the number of cycles and total thickness further 
implies that broad-scale mechanisms of cycle formation (for example, 
epeirogenic movements, climatic fluctuations, eustasy) were not 
responsible for the development of the Sydney Subgroup cycles, since 
these agencies demand that the number of cycles remain constant through­
out the basin. The origin of the cycles is attributed to the inter­
action of sedimentary and edaphic factors in a deltaic environment 
undergoing continuous differential subsidence during sediment and peat 
accumulation.
The average cycle thickness also increases into areas of thicker 
total section, which correspond to areas with higher subsidence rates 
during the Permian. However, the significant negative quadratic 
component of the relevant regression equation indicates that the total 
section thickness increases northward more rapidly than the average 
cycle thickness. This relation appears to reflect the increase in the 
proportion of relatively thinner fine-coarse-fine cycles to thicker 
fining upward cycles northward in the direction of thicker total 
section. This distribution of cycle types is in turn related to the 
arrangement of sub-environments in the northward prograding delta.
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In order to further investigate the effects of contemporaneous 
differential subsidence upon sediment and peat accumulation in the 
Southern Coalfield, trend-surface analysis was carried out on the 
structure and thickness of successive Permian and Triassic formations 
in the interval between the bases of the Wongawilli Coal and the 
Hawkesbury Sandstone. This technique facilitates the comparison of 
patterns of structure and thickness variation by allowing the regional 
and local features to be considered separately.
The present-day formation structure was resolved into a north- 
plunging syncline (in the west of the study area) and anticline (in 
the east), and local synforms and anti forms. Both the regional and 
local structures are persistent features throughout the interval 
studied. The formation thickness patterns were similarly resolved into 
large- and small-scale features, both of which are inversely related 
to the present-day structural patterns. This inverse relation between 
present-day structure and thickness indicates that structures which 
were active during the Permo-Triassic and which strongly influenced the 
thickness of the accumulating sediments and peat have been preserved 
in the present-day structure with little subsequent modification. Of 
the 10 formations in the section studied, the Bui 1 i Coal and the Bald 
Hill Cl ays tone exhibit this structure/thickness relation most 
decisively. In the case of the Bulli Coal, the inverse correlation 
between seam thickness and the inferred Middle Triassic (immediately 
pre-Bald Hill Claystone times) structure is even stronger than the 
correlation between seam thickness and present-day structure; however, 
both correlations are strong on a regional scale and pronounced on a 
local scale.
Analysis-of-variance data and contour maps of trends and 
residuals for successively younger formations suggest that the two
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divisions of structures (large- and small-scale) were gradually 
decreasing in activity from the end of the Permian onward, although 
the large-scale (regional) structures appear to have remained active 
longer than the small-scale (local) structures. The persistence of the 
regional and, especially, the local patterns of structural and thick­
ness variation upward through the sequence suggests that subsidence 
was largely basement-controlled and was possibly related to block 
faulting.
Finally, the strong inverse relation between formation structure 
and thickness obviates the need for an hypothesis of major Tertiary 
warping to account for the structure of the southern Sydney Basin and, 
similarly, for an hypothesis based solely upon contemporaneous erosion 
to explain the thickness variations of the Bui 1i Coal.
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APPENDIX I
Graphic Boreiogsa of the Sydney Subgroup
Bore Coordinates Page
Easting Northing
D.M. 21 276 428 1 200 111 291
D.M. 45 286 509 1 207 096 293
D.M. 64 290 100 1 218 100 (approx.) 295
D.M. 65 292 985 1 217 737 298
D.M. 68 291 861 1 222 503 301
D.M. 71 293 342 1 220 374 304
D.M. 77 not surveyed 307
D.M. 86 298 675 1 231 272 310
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APPENDIX II
Graphic Boreloga of the Narrabeen Group 
for D.M. Bore 64.
Key to lithologies as in Figure 9 (p. 18)..a
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Structure-contour maps, first- to fourth-degree trend-surface 
maps, first- and fourth-degree structural residuals maps, and analysis- 
of-variance data for the lower boundaries of the following formations:
i Wongawilli Coal 
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v Scarborough Sandstone
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vii Bui go Sandstone 
viii Bald Hill Claystone 
ix Gosford Formation
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Figure 111-1 : Structure-contour map showing elevation (in metres 
relative to sea level) of base of Wongawilli Coal. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table 111-1 :
Analysis-of-variance data relating to trend-surface analysis of structure of base of Wongawi11i Coal.
Source of Sum of Degrees of Mean , F-value Confidence Goodness
variation squares freedom squares level % of fi t %
Linear trend 7 451 600 2 3 725 800 1 7 5 6 . 7 8 8 9 9 . 9 9 9 4 . 3 1
Deviations from linear 449 610 212 2 1 2 0 . 8 •
Quadratic trend 7 499 900 5 1 500 000 7 8 1 . 3 0 8 9 9 . 9 9 9 4 . 9 2
Deviations from quadratic 401 250 209 1 9 1 9 . 9
Pure quadratic terms 48 300 3 16 100 8 . 3 8 6 9 9 . 9 9
Cubic trend 7 590 900 9 843 430 5 5 7 . 1 9 5 9 9 . 9 9 9 6 . 0 7
Deviations from cubic 310 310 205 1 5 1 3 . 7
Pure cubic terms 91 000 4 22 750 1 5 . 0 2 9 9 9 . 9 9
Quartic trend 7 795 532 14 556 824 5 4 1 . 4 4 7 9 9 . 9 9 9 8 . 6 6
Deviations from quartic 205 678 200 1 0 2 8 . 4
Pure quartic terms 104 632 5 20 926 2 0 . 3 4 8 9 9 . 9 9
Total 7 901 210 214
Figure III-2: First- to fourth-degree structural trend surfaces
(in metres) for base of Wongawilli Coal.
325
Figure 111-3: Contoured first-degree structural residuals (in
metres) for base of Wongawilli Coal.
326
Figure 111-4: Contoured fourth-degree structural residuals (in 
metres) for base of Wongawilli Coal.
327
Figure 111-5 Structure-contour map showing elevation (in metres 
relative to sea level) of base of Eckersley Formation. 
Control points used in trend-surface analysis of the 
formatiorkstructure are also shown in m a p . _____
Table 111-2:
Analysis-of-variance data relating to trend-surface analysis Of structure of base of Eckersley Formation.
Source of Sum Of Degrees of Mean F-value Confidence Goodness
variation squares freedom Squares level % of fit %
Linear trend 7 610 800 2 3 805 400 1810.202 99.99 94.42
Deviations from linear 449 870 214 2 102.2 •
Quadratic trend 7 661 300 5 1 532 300 809.442 99.99 95.04
Deviations from quadratic 339 430 211 1 893.0
Pure quadratic terms 50 500 3 16 833 8.892 99.99
Cubic trend 7 745 200 9 860 580 564.628 99.99 96.09
Deviations from cubic 315 500 207 1 524.2
Pure cubic terms 83 900 4 20 975 13.762 99.99
Quartic trend 7 810 000 14 557 860 449.492 99.99 96.89
Deviations from quartic 250 700 202 1 241.1
Pure quartic terms 64 800 5 12.960 10.442 99.99
Total 8 060 700 216
Figure 111-6: First- to fourth-degree structural trend surfaces
(in metres) for base of Eckersley Formation.
330
Figure III-7: Contoured first-degree structural residuals (in 
metres) for base of Eckersley Formation.
331
Figure 111-8: Contoured fourth-degree structural residuals (in metres) 
for base of Eckersley Formation.
332
Figure 111-9 : Structure-contour map showing elevation (in metres
relative to sea level) of base of Coal Cliff Sandstone. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table III-3:
Analysis-of-variance data relating to trend-surface analysis Of structure of base of Coal Cliff Sandstone.
Source of Sum of Degrees of Mean F-value Confidence Goodness
vari ation squares freedom squares level % of fit %
Linear trend 8 101 100 2 4 050 500 1853.532 99.99 93.02
Deviations from linear 607 510 278 2 185.3 • .
Quadratic trend 8 193 700 5 1 638 700 875.204 99.99 94.09
Deviations from quadratic 514 900 275 ' 1 872.4
Pure quadratic terms 92 600 3 30 866.7 16.485 99.99
Cubic trend 8 335 800 9 926 200 673.338 99.99 95.72
Deviations from cubic 372 770 271 1 375.5
Pure cubic terms 142 100 4 35 525 25.826 99.99
Quartic trend 8 404 200 14 600 300 524.521 99.99 96.50
Deviations from quartic 304 430 266 1 144.5
Pure quartic terms 68 400 5 13 680 11.953 99.99
Total 8 708 600 280
Figure III-10: First- to fourth-degree structural trend-surfaces 
(in metres) for base of Coal Cliff Sandstone.
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Figure 111-11 : Contoured first-degree structural residuals (in metres)
for base of Coal Cliff Sandstone.
336
Figure 111-12: Contoured fourth-degree structural residuals (in metres) 
for base of Coal Cliff Sandstone.
337
Figure 111-13 : Structure-contour map showing elevation (in metres
relative to sea level) of base of Wombarra Claystone. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table 111-4 :
Analysis-of-variance data relating to trend-surface analysis of structure of base of Wombarra Claystone.
Source of 
variation
Sum of 
squares
Degrees of 
freedom
Mean
squares
F-value Confidence 
level %
Linear trend 2 922 100 2 1 461 100 576.855 99.99
Deviations from linear 458 450 181 2 532.9 •
Quadratic trend 3 055 400 5 611 090 334.545 99.99
Deviations from quadratic 325 140 178 1 826.6
Pure quadratic terms 133 300 3 44 433 24.325 99.99
Cubic trend 3 098 000 9 344 220 211.955 99.99
Deviations from cubic 282 580 174 1 624.0
Pure cubic terms 42 600 4 10 650 6.558 99.99
Quartic trend 3 209 000 14 229 210 225.724 99.99
Deviations from quartic 171 000 169 1 015.4
Pure quartic terms 111 000 5 22 200 21.862 99.99
Total 3 380 600 183
Goodness 
of fit %
86.44
90.38
91.64
94.92
Figure 111-14: First- to fourth-degree structural trend surfaces
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(in metres) for base of Wombarra Claystone.
Figure 111-15 : Contoured first-degree structural residuals (in metres)
for base of Wombarra Claystone.
341
Figure 111-16: Contoured fourth-degree structural residuals (in metres)
for base of Wombarra Claystone.
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Figure III-17: Structure-contour map showing elevation (in metres
relative to sea level) of base of Scarborough Sandstone. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table 111-5:
Analysis-of-variance data relating to trend-surface analysis of structure of base of Scarborough Sandstone.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom - squares level % of fit %
Linear trend 2 719 900 2 1 360 000 551.737 99.99 86.38
Deviations from linear 428 900 174 2 464.9
Quadratic trend 2 860 500 5 572 090 339.207 99.99 90.84
Deviations from quadratic 288 400 171 1 686.6
Pure quadratic terms 140 600 3 46 866.7 27.788 99.99
Cubic trend 2 902 900 9 322 540 218.988 99.99 92.19
Deviations from cubic 245 9 70 167 1 472.9
Pure cubic terms 42 400 4 10 600 7.197 99.99
Quartic trend 2 988 500 14 213 460 215.670 99.99 94.91
Deviations from quartic 160 340 162
Pure quartic terms 85 600 5 17 120 17.297 99.99
Total 3 148 900 176
GO
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Figure 111-18: First- to fourth-degree structural trend surfaces
(in metres) for base of Scarborough Sandstone.
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Figure 111-19: Contoured first-degree structural residuals (in metres) 
for base of Scarborough Sandstone.
346
Figure 111-20 : Contoured fourth-degree structural residuals (in metres)
for base of Scarborough Sandstone.
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Figure HI-21: Structure-contour map showing elevation (in metres
relative to sea level) of base of Stanwell Park Claystone. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
T
 V
Table 111-6:
Analysis-of-variance data relating to trend-surface analysis of structure of base of Stanwel1 Park Cl aystone.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 2 473 300 2 1 236 600 524.364 99.99 87.78
Deviations from linear 344 310 146 2 358.3
Quadratic trend 2 582 000 5 516 390 313.402 99.99 91.64
Deviations from quadratic 235 620 143 1 647.7
Pure quadratic terms 108 700 3 36 233 21.990 99.99
Cubic trend 2 621 800 9 291 310 206.856 99.99 93.05
Deviations from cubic 195 750 139 1 408.3
Pure cubic terms 39 800 4 9 950 7.065 99.99
Quartic trend 2 700 500 14 192 890 223.984 99.99 95.84
Deviations from quartic 117 120 136 861.2
Pure quartic terms 78 700 5 15 740 . 18.277 99.99
Total 2 817 600 148
Figure III-22: First- to fourth-degree structural trend surfaces
(in metres) for base of Stanwell Park Claystone.
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Figure 111 - 2 3: Contoured first-degree structural residual's (in metres) 
for base of Stanwell Park Claystone.
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Figure 111-24: Contoured fourth-degree structural residuals (in metres)
for base of Stanwell Park Claystone.
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Figure 111-25 : Structure-contour map showing elevation (in metres
relative to sea level) of base of Bulgo Sandstone. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table 111-7 :
Analysis-of-variance data relating to trend-surface analysis of structure of base of Bulgo Sandstone.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 2 310 000 2 1 155 000 5 1 4 . 54Q 9 9 .9 9 8 7 .7 2
Deviations from linear 323 240 144 2 2 4 4 .7
Quadratic trend 2 450 100 5 490 020 3 7 7 .2 4 7 9 9 .9 9 9 3 .0 4
Deviations from quadratic 183 150 141 1 2 9 8 .9
Pure quadratic terms 140 100 3 46 700 3 5 .9 5 3 9 9 .9 9
Cubic trend 2 483 500 9 275 950 2 5 2 .5 0 6 9 9 .9 9 9 4 .3 1
Deviations from cubic 149 720 137 1 0 9 2 . 8
Pure cubic terms 33 400 4 8 350 7 .6 4 1 9 9 .9 9
Quartic trend , 2 544 000 14 181 720 2 6 8 .7 9 2 9 9 .9 9 9 6 . 6 1
Deviations from quartic 89 240 132 6 7 6 .1
Pure quartic terms 60 500 5 12 100 1 7 .8 9 8 9 9 .9 9
Total 2 633 300 146
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Figure 111-26: First- to fourth-degree structural trend surfaces
(in metres) for base of Bulgo Sandstone.
355
for base of Bulgo Sandstone.
356
T
Figure I 1-28: Contoured fourth-degree structural residuals (in metres)
for base of Bulgo Sandstone.
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Figure II1-29: Structure-contour map showing elevation (in metres
relative to sea level) of base of Bald Hill Claystone. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table 111-8:
Analysis-of-variance data relating to trend-surface analysis of structure of base of Bald Hill Claystone.
Source of Sum of Degrees of Mean F-value Confidence Goodnes
variation squares freedom squares level % of fit
Linear trend 2 365 200 2 1 182 600 761.572 99.99 89.64
Deviations from linear 273 300 176 1 552.8
Quadratic trend 2 437 200 5 487 440 179.430 99.99 92.37
Deviations from quadratic 201 330 173 1 163.8
Pure quadratic terms 72 000 3 24 000 8.835 99.99
Cubic trend 2 527 400 9 280 820 69.646 99.99 95.79
Deviations from cubic 111 160 169 657.8
Pure cubic terms 90 200 4 22 550 34.284 99.99
Quartic trend 2 544 500 14 181 750 316.920 99.99 96.44
Deviations from quartic 94 052 164 573.5
Pure quartic terms 17 100 5 3 420 5.964 99.99
Total 2 638 500 178
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Figure 111-30: First- to fourth-degree structural trend surfaces
(in metres) for base of Bald Hill Claystone.
360
Figure 111-31 : Contoured first-degree structural residuals (in metres)
for base of Bald Hill Claystone.
361
for base of Bald Hill Claystone.
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Figure 111 - 3 3  : Structure-contour map showing elevation (-in metres
relative to sea level) of base of Gosford Formation. 
Control points used in trend-surface analysis of the 
formation structure are also shown in map.
Table III-9:
Analysis-of-variance data relating to trend-surface analysis of structure of base of Gosford Formation
Source of 
variation
Sum of 
squares
Degrees of 
freedom
Mean
squares
F-value Confidence 
level %
Goodness 
of fit %
Linear trend 1 553 800 2 776 890 489.370 99.99 86.10
Deviations from linear 250 830 158 1 587.5
Quadratic trend 1 625 200 5 325 040 280.801 99.99 90.06
Deviations from quadratic 179 420 155 1 157.5
Pure quadratic terms 72 000 3 24 000 20.734 99.99
Cubic trend 1 703 600 9 189 290 282.914 99.99 94.40
Deviations from cubic 101 030 151 669.1
Pure cubic terms 78 400 4 19 600 29.294 99.99
Quartic trend 1 722 800 14 123 050 219.499 99.99 95.46
Deviations from quartic 81 847 146 560.6
Pure quartic terms 19 200 5 3 840 6.850 99.99
Total 1 804 600 160
Figure 111-34: First- to fourth-degree structural trend surfaces
(in metres) for base of Gosford Formation.
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Figure 111-35 : Contoured first-degree structural residuals (in metres)
for base of Gosford Formation.
366
for base of Gosford Formation.
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APPENDIX IV
Isopach maps, first- to fourth-degree trend-surface maps, first- 
and fourth-degree residuals maps, and analysis-of-variance data relating 
to the thickness variation of the following formations (and member):
i Wongawilli Coal 
ii Eckersley Formation
iia Balgownie Coal Member 
iii Coal Cliff Sandstone 
iv Wombarra Claystone 
v Scarborough Sandstone 
vi Stanwell Park Claystone 
vii Bui go Sandstone 
viii Gosford Formation
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Figure IV-1: Isopachs (in metres) for Wongawi11i Coal. Control points 
used in trend-surface analysis of the formation thickness 
are also shown.
Table IV-1 :
Analysis-of-variance data relating to trend-surface analysts of Wongawilli Coal thickness.
Source of Sum of Degrees of Mean F-value Confi dence Goodness
variation squares freedom squares level % of fit %
Linear trend 2 2 6 . 9 6 ? 1 1 3 . 4 8 0 8 1 . 5 9 1 9 9 . 9 9 4 4 . 5 6
Deviations from linear 2 8 2 . 3 4 203 1 . 3 9 1
Quadratic trend 3 3 7 . 3 4 5 6 7 . 4 6 7 7 8 . 4 6 4 9 9 . 9 9 6 6 . 2 3
Deviations from quadratic 1 7 1 . 9 7 200 0 . 8 6 0
Pure quadratic terms 1 1 0 . 3 8 3 3 6 . 7 9 3 4 2 . 7 9 0 9 9 . 9 9
Cubic trend 3 4 5 . 3 0 9 3 8 . 3 6 6 4 5 . 8 4 9 9 9 . 9 9 6 7 . 8 0
Deviations from cubic 1 6 4 . 0 1 196 0 . 8 3 7
Pure cubic terms 7 . 9 6 4 1 . 9 9 0 2 . 3 7 8 90
Quartic trend 3 6 2 . 9 5 14 2 5 . 9 2 5 3 3 . 8 3 2 9 9 . 9 9 7 1 . 2 6
Deviations from quartic 1 4 6 . 3 6 191 0 . 7 6 6
Pure quartic terms 1 7 . 6 5 5 3 . 5 3 0 4 w607 9 9 . 9
Total 5 0 9 . 3 1 205
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Figure IV-2: First- to fourth-degree thickness trend surfaces
(in metres) for Wongawilli Coal,
373
for Wongawil1i Coal.
374
Figure IV-4: Contoured fourth-degree thickness residuals (in metres) 
for Wongawi11i Coal.
375
Figure IV-5: Isopachs (in metres) for Eckersley Formation. Control 
points used in trend-surface analysis of the formation 
thickness are also shown.
Table IV -2 :
Analysis-of-variance data relating to trend-surface analysis of Eckersley Formation thickness.
Source of 
variation
Sum of 
squares
Degrees of 
freedom
Mean
squares
F-value Confidence 
level %
Goodness  
o f  f i  t %
Linear trend 20 088 2 10 0 4 4 . 1 7 1 . 4 5 2 9 9 . 9 9 6 2 . 2 4
Deviations from linear 12 185 208 5 8 . 5 8
Quadratic trend 27 473 5 5 4 9 5 . 2 3 4 . 6 5 0 9 9 . 9 9 8 5 . 1 3
Deviations from quadratic 4 800 205 2 3 . 4 2
Pure quadratic terms 7 385 3 2 4 6 2 . 1 0 5 . 1 2 7 9 9 . 9 9
Cubic trend 29 020 9 3 2 2 5 . 1 9 9 . 2 3 9 9 9 . 9 9 8 9 . 9 2
Deviations from cubic 3 253 201 1 6 . 1 8
Pure cubic terms 1 547 4 3 8 7 . 2 3 . 8 9 7 9 9 . 9 9
Quartic trend 29 526 14 2 109 . 15Q .4 62 9 9 . 9 9 9 1 . 4 9
Deviations from quartic 2 747 196 1 4 . 0 2
Pure quartic terms 506 5 1 0 1 . 7 . 2 2 0 9 9 . 9 9
Total 32 273 210
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Figure IV-6: First- to fourth-degree thickness trend sufraces
(in metres) for Eckersley Formation.
378
Figure IV-7: Contoured first-degree thickness residuals (in metres)
for Eckersley Formation.
379
Figure IV-8: Contoured fourth-degree thickness residuals (in metres)
for Eckersley Formation.
380
Figure IV-9: Isopachs (in metres) for Balgownie Coal Member. Control 
points used in trend-surface analysis of thickness are
also shown.
Table IV-3:
Analysis-of-variance data relating to trend-surface analysis of Bai gownie Coal Member thickness •
Source of Sum of Degrees of Mean F-value Confi dence Goodness
variation squares freedom squares level % of fi t %
Linear trend 2.148 2 1.074 13.391 99.99 9.71
Deviations from linear 19.965 249 0.080
Quadratic trend 2.618 5 0.524 6.607 99.99 11.84
Deviations from quadratic 19.495 246 0.079
Pure quadratic terms 0.407 3 0.157 1.980 80
Cubic trend 6.331 9 0.703 10.788 99.99 28.63
Deviations from cubic 15.781 242 0.065
Pure cubic terms 3.713 4 0.928 14.235 99.99
Quartic trend 7.705 14 0.550 9.052 99.99 34.84
Deviations from quartic 14.408 237 0.061
Pure quartic terms 1.373 5 0.275 4.518 99.99
Total 22.113 251
Figure IV-10: First- to fourth-degree thickness trend surfaces
(in metres) for Balgownie Coal Member.
383
Figure IV-11: Contoured first-degree thickness residuals (in metres)
for Bai gownie Coal Member.
3 8 4
Figure IV-12: Contoured fourth-degree thickness residuals (in metres)
for Bai gownie Coal Member.
385
Figure IV-13: Isopachs (in metres) for Coal Cliff Sandstone. Control 
points used in trend-surface analysis of the formation 
thickness are also shown.
Table IV -4 :
Analysis-of-variance data relating to trend-surface analysis of Coal Cliff Sandstone thickness
Source of 
variation
Sum of 
squares
Degrees of 
freedom
Mean
squares
F-value Confidence 
level %
Goodness 
of fit %
Linear trend 599.3 2 299.7 9.137 99.9 9.41
Deviations from linear 5 771.9 176 32.8
Quadratic trend 2 474.5 5 494.9 21.972 99.99 38.84
Deviations from quadratic 3 896.7 173 22.5
Pure quadratic terms 1 875.2 3 625.1 27.751 99.99
Cubic trend 3 043.5 9 388.2 17.174 99.99 47.77
Deviations from cubic 3 327.7 169 19.7
Pure cubic terms 569.0 4 142.3 7.224 99.99
Quartic trend 3 668.8 14 262.1 15.903 99.99 75.88
Deviations from quartic 2 702.4 164 16.5
Pure quartic terms 625.3 5 125.1 7.589 99.99
Total 6 371.2 178
Figure IV-14: First- to fourth-degree thickness trend surfaces
(in metres) for Coal Cliff Sandstone.
-2.5
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Figure IV-15: Contoured first-degree thickness residuals'(in metres)
for Coal Cliff Sandstone.
389
Figure IV-16: Contoured fourth-degree thickness residuals (in metres) 
for Coal Cliff Sandstone.
390
Figure IV-17: Isopachs (in metres) for Wombarra Claystone. Control 
points used in trend-surface analysis of the formation
thickness are also shown.
Table IV-5:
Analysis-of-variance data relating to trend-surface analysis of Wombarra Claystone thickness.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fi t %
Linear trend 3 8 6 1 . 6 2 1 9 3 0 . 8 3 4 . 1 8 2 9 9 . 9 9 2 8 . 5 6
Deviations from linear 9 6 5 9 . 1 171 5 6 . 5
Quadratic trend 4 2 7 6 . 1 5 8 5 5 . 2 1 5 . 5 4 2 9 9 . 9 9 3 1 . 6 3
Deviations from quadratic 9 2 4 4 . 6 168 5 5 . 0
Pure quadratic terms 4 1 4 . 5 3 1 3 8 . 2 2 . 5 1 1 90
Cubic trend 5 1 9 6 . 4 9 5 7 7 . 4 1 1 . 3 7 5 9 9 . 9 9 3 8 . 4 3
Deviations from cubic 8 3 2 4 . 3 164 5 0 . 8
Pure cubic terms 9 2 0 . 3 4 2 3 0 . 1 4 . 5 3 3 9 9 . 5
Quartic trend 6 8 7 5 . 6 14 4 9 1 . 1 1 1 . 7 5 1 9 9 . 9 9 5Q.85
Deviations from quartic 6 6 4 5 . 1 159 4 1 . 8
Pure quartic terms 1 6 7 9 . 2 5 3 3 5 . 8 8 . 0 3 6 9 9 . 9 9
Total 13 521 173
Figure IV-18: First- to fourth-degree thickness trend surfaces
(in metres) for Wombarra Claystone.
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Figure IV-19: Contoured first-degree thickness residuals •(in metres)
for Wombarra Claystone.
394
Figure IV-20: Contoured fourth-degree thickness residuals (in metres)
for Wombarra Claystone.
395
Figure IV-21 : Isopachs (in metres) for Scarborough Sandstone. Control 
points used in trend-surface analysis of the formation 
thickness are also shown.
T a b le  I V - 6 :
A n a l y s i s - o f - v a r i a n c e  d a t a  r e l a t i n g  to  t r e n d - s u r f a c e  a n a l y s i s  o f  Scarb or ou gh  Sandstone t h i c k n e s s .
Source of 
variation
Sum of 
squares
Degrees of 
freedom
Mean
squares
F-value Confi dence 
level %
Goodness 
of fit %
Linear trend 668.6 2 334.3 6.020 99.5 7.57
Deviations from linear 8 162.8 147 55.5
Quadratic trend 2 456.6 5 491.3 11.098 99.99 27.82
Deviations from quadratic 6 374.8 144 44.3
Pure quadratic terms 1 788.0 3 596.0 13.463 99.99
Cubic trend 2 830.7 9 314.5 7.338 99.99 32.05
Deviations from cubic 6 000.7 140 42.9
Pure cubic terms 374.1 4 93.5 2.182 90
Quartic trend 3 527.2 14 251.9 6.412 99.99 63.20
Deviations from quartic 5 304.2 135 39.3
Pure quartic terms 696.5 5 139.3 3.545 99
Total 8 831.4 149
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Figure IV-22: First- to fourth-degree thickness trend surfaces
(in metres) for Scarborough Sandstone.
398
Figure IV-23: Contoured first-degree thickness residuals '(in metres)
for Scarborough Sandstone.
399
Figure IV-24: Contoured fourth-degree thickness residuals (in metres)
for Scarborough Sandstone.
400
Figure IV-25: Isopachs (in metres) for Stanwell Park Claystone. Control 
points used in trend-surface analysis of the formation 
thickness are also shown.
Table IV-7:
Analysis-of-variance data relating to trend-surface analysis of Stanwell Park Claystone thickness.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom - squares level % of fi t %
Linear trend 26 334 2 13 167. 221.429 99.99 75.46
Deviations from linear 8 562 144 59.46
Quadratic trend 28 458 5 5 691. 124.632 99.99 81.55
Deviations from quadratic 6 439 141 45.67
Pure quadratic terms 2 124 3 708. 15.503 99.99
Cubic trend 28 979 9 3 219. 74.536 99.99 83.04
Deviations from cubic 5 918 137 43.20
Pure cubic terms 521 4 130. 3.015 97.5
Quartic trend 29 342 14 2 096. 49.804 99.99 84.08
Deviations from quartic 5 555 132 42.08
Pure quartic terms 363 5 72. 1.725 80
Total 34 897 146
Figure IV-26: First- to fourth-degree thickness trend surfaces
(in metres) for Stanwell Park Claystone.
403
Figure IV-27: Contoured first-degree thickness residuals (in metres)
for Stanwell Park Claystone.
404
for Stanwell Park Claystone.
405
Figure IV-29: Isopachs (in metres) for Bulgo Sandstone. Control points 
used in trend-surface analysis of the formation thickness 
are also shown.
Table IV -8 :
Analysis-of-variance data relating to trend-surface analysis of Bulgo Sandstone thickness.
Source of Sum of Degrees of Mean F-value Confi dence Goodness
variation squares freedom . squares level % of fit %
Linear trend 74 998 2 37.499 314.641 99.99 ■82.55
Deviations from linear 15 851 133 119.18
Quadratic trend 78 713 5 15 743 168.638 99.99 86.64
Deviations from quadratic 12 136 130 93.35
Pure quadratic terms 3 715 3 1 283 13.265 99.99
Cubic trend 81 065 9 9 007 115.996 99.99 89.23
Deviations from cubic 9 784 126 77.65
Pure cubic terms 2 352 4 , 588. 7.572 99.99
Quartic trend 82 758 14 5 911. 88.403 99.99 91.09
Deviations from quartic 8 091 121 66.87
Pure quartic terms 1 693 5 339. 5.064 99.9
Total 90 849 135
406
407
Figure IV-30: First- to fourth-degree thickness trend surfaces 
(in metres) for Bui go Sandstone.
408
Figure IV-31: Contoured first-degree thickness residuals'(in metres)
for Bulgo Sandstone.
409
for Bulgo Sandstone.
410
Figure IV-33: Isopachs (in metres) for Gosford Formation.’ Control
points used in trend-surface analysis of the formation
thickness are also shown.
Table IV-9:
Analysis-of-variance data relating to trend-surface analysis of Gosford Formation thickness.
Source of Sum of Degrees of Mean F-value Confidence Goodness
variation squares freedom squares level % of fit %
Linear trend 3 910.9 2 1 955.45 157.110 99.99 65.30
Deviations from linear 2 078.6 167 12.45
Quadratic trend 4 308.6 5 861.72 84.075 99.99 71.94
Deviations from quadratic 1 680.9 164 10.25
Pure quadratic terms 397.7 3 132.57 12.934 99.99
Cubic trend 4 336.7 9 481.85 46.643 * 99.99 72.40
Deviations from cubic 1 652.9 160 10.33
Pure cubic terms 28.1 4 7.03 ‘ 0.680 25
Quartic trend 4 428.3 14 316.31 31.404 99.99 73.93
Deviations from quartic 1 561.2 155 10.07
Pure quartic terms 91.6 5 18.32 1.819 80
Total 5 989.5 169
Figure IV-34: First- to fourth-degree thickness trend surfaces 
(in metres) for Gosford Formation.
413
Figure IV-35: Contoured first-degree thickness residuals (in metres)
for Gosford Formation.
414
for Gosford Formation.
415
APPENDIX V
Haps of superposed fourth-degree structure and thickness residuals 
for the following formations:
Page
1. Wongawilli Coal 416
2. Eckersley Formation 417
3. Coal Cliff Sandstone 418
4. Wombarra Claystone 419
5. Scarborough Sandstone 420
6. Stanwell Park Claystone 421
7. Bulgo Sandstone 422
8. Gosford Formation 423
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Figure V-l: Superposed fourth-degree structural and thickness 
residual domains for Wongawilli Coal. Horizontal 
hatching: negative structural residuals; vertical 
hatching: positive thickness residuals.
417
Figure V-2: Superposed fourth-degree structural and thickness
residual domains for Eckersley Formation. Horizontal 
hatching: negative structural residuals; vertical 
hatching: positive thickness residuals.
418
Figure V-3: Superposed fourth-degree structural and thickness
residual domains for Coal Cliff Sandstone. Florizontal 
hatching: negative structural residuals; vertical 
hatching: positive thickness residuals.
419
Figure V-4: Superposed fourth-degree structural and thickness
residual domains for Wombarra Claystone. Horizontal 
hatching: negative structural residuals; vertical 
hatching: positive thickness residuals.
420
Figure V-5: Superposed fourth-degree structural and thickness 
residual domains for Scarborough Sandstone. 
Horizontal hatching: negative structural residuals; 
vertical hatching: positive thickness residuals.
421
Figure V-6: Superposed fourth-degree structural and thickness 
residual domains for Stanwell Park Claystone. 
Horizontal hatching: negative structural residuals; 
vertical hatching: positive thickness residuals.
422
Figure V-7: Superposed fourth-degree structural and thickness 
residual domains for Bulgo Sandstone. Horizontal 
hatching: negative structural residuals; vertical 
hatching: positive thickness residuals.
423
Figure V-8: Superposed fourth-degree structural and thickness 
residual domains for Gosford Formation. Horizontal 
hatching: negative structural residuals; vertical 
hatching: positive thickness residuals.
APPENDIX VI
Trend-Surface Analysis of Coal Seam Variables 
Relating to the Wedderburn Area
425
T r e n d - s u r f a c e  a n a l y s i s  o f  c o a l  s e a m  v a r i a b l e s  
i n  t h e  W e d d e r b u m  a r e a .
This report contains the resu lts of trend-surface analysis of 
the following variables in the Wedderbum area:
(a) structure o f  the B u lli Seam,
(b) (economic) thickness o f the B u lli Seam,
(c) thickness o f cover above the B u lli Seam.
In each case, the following contour maps have been constructed:
(i ) contour map o f the original data,
( i i )  contoured first-, second-and third-degree trend surfaces,
( i i i )  contoured residuals from ls t -3 rd  degree trend surfaces.
This gives a to ta l o f  7 maps for each variable.
The trend surface maps depict the large-scale features and the 
residual maps the sm all-scale or local features. No special provision 
has been made for fau lts and an overlay showing the position of faults would 
enhance the interpretive value o f the maps.
1 "Trend-surface analysis" in geology seeks to separate large-scale  
variations, or trends, from local variations (Harbaugh and Merriam, 
1968). The defin ition  o f la rge - and small- scale is , o f course, 
arbitrary. Large-scale features reporting as trends in the present 
study may constitute local variations in relation to, say, the 
Sydney Basin as a whole.
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(a ) Structure o f the Bu lli Seam
The area covered by the trend surface analysis is  shown in re lation  
to the Clutha Wedderbum bores and D.M. bores 58, 59A and 59B in Figure 1. 
The s ta t is t ic a l significance levels associated with the trend surfaces 
are lis ted  in Table 1.
Figure 2 is a contour map o f the orig ina l data fo r  the reduced 
level of the Bu lli Seam. The seam is  shown to be dipping irre gu la r ly  to the 
northwest.
Trend surface maps
The 1st, 2nd and 3rd degree structural trend surfaces are shown 
in Figures 3, 5 and 7. As Table 1 indicates, a l l  three trend surfaces 
are o f very high s ta t is t ic a l significance (p = 0.0001). Further, the surfaces 
account for 91-94% of the s ta t is t ic a l variation , indicating a very high 
level of f i t  to the original data.
The 1st degree trend surface strikes 050° and dips 23.3 m per km 
towards 320® The level o f f i t  is  s ligh tly  improved in the 2nd and 3rd 
degree surfaces, which suggest that the study area is  located on the western 
flank of a northerly plunging anticline. This structure appears to be 
plunging 16.5 m per km in a direction a few degrees E o f  N.
Residuals maps
Figures 4, 6 and 8 are the 1st, 2nd and 3rd degree structural 
residual maps. Corresponding to the high levels o f f i t  o f the trend 
surfaces, the residuals explain a low proportion o f the s ta t is t ic a l variance 
( 9% fo r the 1st degree residuals and 6% fo r the 3rd degree residuals) .
The contoured residuals describe the sm aller-scale structures which 
have been "partitioned” from the trends. On each map, a number o f positive  
and negative domains are delineated; these domains represent the 
local structural highs and lows which are superimposed upon the overall 
northwesterly structural trend. There is  l i t t l e  change in the distribution  
of positive and negative domains with an increase in the degree o f trend 
surface. The main change involves a decrease in the amplitude o f the 
residuals.
These domains appear to be elongated p a ra lle l with the strike  of the 
structural trend surfaces, and can be pictured as a series o f gentle fo ld ­
like structures, with maximum amplitude between 10 and 15 m, around the 
flanks of the antic linal structure described by the trend surface maps.
From SE to NW, the main domains are successively pos itive , negative, 
positive , negative.
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Table 1. Analysis-of variance data for trend-surface analysis of
coal seam variables in the Wedderbum area.
Degree of Percentage of
Variable
trend surface variance Significance
equation explained F-va lue level (p)
Structure 1 91.03 106.516 0.0001*
2 92.85 41.554 0.0001*
3 94.09 21.234 0.0001*
Seam thickness 1 48.21 8.845 0.005*
2 49.65 3.155 0.05*
3 62.44 2.216 0. 1
Thickness of 1 47.59 8.627 0.005*
cover 2 54.49 3.832 0.025
3 59.51 1.960 0.25
I^Klic&tes those trends which are s ta t is t ic a lly  sign ificant at 
normal probability levels.
429
Figure 2. Bulli Seam structure contour map: reduced level 
of base of seam in metres.
430
F i q u r e 3 . Bulli Seam first degree structural trend (metres).
431
Figure 4 . Bui 1 i Seam first degree structural residuals
(m e t r e s ).
432
F i g u r e  5. Bulli Seam second degree structural trend (metres)
433
Figure 6. Bulli Seam second degree structural residuals
(metres).
434
F i g u r e  7. Bulli Seam third degree structural trend (metres).
435
F i g u r e  8 . B u l l i  Seam t h i r d  d e g r e e  s t r u c t u r a l  r e s i d u a l s
( m e t r e s ) .
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(b) Economic thickness of the Bulli Seam
Figure 9 is an isopach map of the economic thickness of the Bulli 
Seam in the Wedderbum area. The seam thickens in a NNE direction and 
then begins to thin in the far NE portion of the area.
Trend surface maps
Only the 1st and 2nd degree trend surfaces (Figures 10 and 12) are 
statistica lly  significant, although the additional quadratic terms improve 
the goodness of f i t  only marginally.
The 1st degree surface strikes 101°and indicates a rate of seam 
thickening of 0.132 m per km towards 011°. The second-degree surface is  
very similar.
Residuals maps
The 1st and 2nd degree thickness residuals maps (Figures 11 and 13) 
are essentially similar, except that the amplitude of the 2nd degree 
residuals is slightly  smaller. The residuals explain a re latively  high 
proportion of the statistica l variance (~50%).
The "saddle-shaped" positive domain in the N-NE portion of the 
Wedderbum area indicates an anomalous thickening of the coal seam.
This area also lies in the direction of maximum broad-scale thickening 
(as indicated by the 1st degree trend surface). The broad negative domain 
indicates an anomalously thin seam development to the SW of the centre 
of the area. This negative thickness domain coincides with a positive 
structural domain. '
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Figure 9. Bulli Seam isopach map: seam thickness in 
metres.
438
Bulli Seam first degree thickness trend (metres).F i g u r e  1 0 .
439
Figure 1 1 .  B u l l i  S e a m  first degree thickness residuals (metres).
440
F i g u r e  1 2 . Bulli Seam second degree thickness trend (metres).
441
F i g u r e  13. Bulli Seam second degree thickness residuals (metres)
442
F i g u r e  1 4 . Bulli Seam third degree thickness trend (metres).
443
Figuro 15. Bulli Seam third degree thickness residuals (metres).
(c) Thickness of cover above the Bulli Seam
444
The conventional method of preparing cover isopach maps is by 
superimposing a topographic surface contour map upon a seam structure 
contour map and then contouring the interval between the surfaces. In 
the case of the strongly dissected plateau region o f the Southern Sydney 
Basin, the resulting cover isopach maps are exceedingly complex and this 
complexity frequently conceals the underlying thickness trends. Cook 
and Shiels (1968) pointed out that the resultant complex shapes of areas 
of equal cover can have l i t t l e  relation to the practical mining of coal 
and suggested that trend surface maps of thickness o f cover provide a 
more rea lis t ic  picture of the load on the seam.
Figure 16 is a machine-contoured cover isopach map for the Bulli 
Seam in the Wedderbum area and is based upon borehole data alone. The 
cover thickens northwards in a very irregular fashion, the trends being 
disguised by the strong topographic re l ie f .
It should be noted, however, that due to the non-random locations 
of bores with respect to topography, a bias is  introduced into the cover 
isopach map, irrespective o f the method of construction. In their 
study, Cook and Shiels (1968) selected only those bores d ril led  on the 
general level of the plateau, rejecting those d ril led  in the valleys, 
and this at least lends a degree o f  consistency to the operation.
Trend surface maps
Only the 1st degree trend surface (Figure 17) w il l  be considered, 
since the two higher degree surfaces (Figures 19 and 21) are s tat ist ic ­
ally non-significant. The 1st degree surface is significant at the 
fa ir ly  high level of p = 0.001 and explains 47.59% o f the variance.
The surface strikes 088° and indicates a rate of thickening of 9.7 m per 
km towards 358!
Residuals maps
The 1st degree residuals account for a re latively high proportion 
of the variance (52.41%). The contoured residuals (Figure 18) depict 
a central zone of anomalously thin cover flanked by broader zones of 
thicker cover.
• Both the original data cover isopach map (Figure 16) and the 
residuals map appear to be strongly influenced by two boreholes:
Clutha Wedderbum 19 and 20. The surface expressed by the 1st degree 
trend would probably be more relevant to the stress patterns associated 
with topographic re l ie f  than would either o f these maps.
445
Figure 16. Contour map of thickness of cover above Bulli 
Seam (in m e t r e s ).
446
Figure 37. B u l l i  Seam f i r s t  d e g r e e  t h i c k n e s s  o f  c o v e r
t r e n d  ( m e t r e s ) .
447
Figure 18. Bulli Seam first degree thickness of cover
residuals (metres).
448
F i g u r e  1 9 . B u l l i  Se am s e c o n d  d e g r e e  thickness of cover trend.
449
F i g u r e  20. Bulli Seam second degree thickness of cover
residuals (metres).
450
Figure 21. Bulli Seam third degree thickness of cover
trend (m e t r e s ).
451
Figure 22. Bulli Seam third degree thickness of cover
residuals (metres).
452
Conclusion
Trend-surface analysis provides a method o f  distinguishing the 
trends in areally  d istributed data from the sm all-scale  va ria t ions. In 
addition to structure, seam thickness and seam cover treated in this  
report, other coal seam data (such as ash y ie ld ,  B.S. swelling number, 
reflectance) are amenable to this type o f analysis. The analysis o f  
variance into a trend and a residual component allows the la rg e -  and 
small-scale features to be studied separately and thereby fa c i l i t a t e s  
comparison o f the areal d istribution  o f  the d iffe ren t va r iab le s . As 
a method fo r  studying the relationships among a number o f coal seam 
properties, trend-surface analysis is  a useful tool fo r  optimising the 
approach to mining in any given area.
References
Harbaugh, J .W ., and Merriam, D.F., 1968. Computer applications in 
stratigraphic analysis: John Wiley § Sons, New York,
282 p.
Cook, A.C., and Shie ls , O .J ., 1968. An application of trend
surface analysis to the preparation of cover isopach maps fo r  
coal seams: Proc. Australas. Inst. Min. Metall. No. 228,
p .53-60.
APPENDIX VII
The Relationship Between the Formation Structure 
and Thickness in the Permo-Triassic Succession 
of the Southern Coalfield, Sydney Basin,
New South Wales, Australiaa
by
B.L. Jakeman
Published in Mathematical Geology,  Vol. 12, No. 3, 1980.
454
ABSTRACT
Using trend-surface analysis, the patterns of formation 
structure and thickness variation in the Permo-Triassic succession 
of the Southern Coalfie ld , Sydney Basin, are resolved into 
geologically meaningful large- and small-scale features. The 
structural trends correspond to the regional syncline of the 
southern Sydney Basin and the negative and positive residual domains 
to smaller-scale structures including the South Bu lli and Douglas 
Park Synclines and the Bu lli and Kemira Anticlines. The results of 
trend-surface analysis and simple linear regression reveal an 
inverse relationship between structural elevation (re la t ive  to sea 
level) and formation thickness on both a regional and a local scale. 
This relationship is strongest for the Bu lli Coal and the Bald H ill  
Claystone. In the case of the Bu lli Coal, the present-day structural 
trends and formation thickness trends show a strong inverse 
correlation and the residuals show a moderate inverse correlation; 
the correlations between the inferred Middle Triassic structure of the 
Bulli Coal and formation thickness are even stronger than those in­
volving the present-day structure. These results indicate that 
structures which were active during the Permo-Triassic and which 
influenced sedimentation have been preserved in the present-day 
structure. The persistence of the patterns of structure and thick­
ness variation upward through the Permo-Triassic sequence suggests 
that sedimentation was controlled by contemporaneous basement sub­
sidence, rather than by short-lived compaction-induced subsidence 
patterns. KEY WORDS: trend-surface analysis, structure, thickness.
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INTRODUCTION
An obvious broad-scale relationship exists between the structure 
and thickness of the Permo-Triassic strata of the Sydney Basin, with 
the thickness maxima occurring in the axial portion of the syncline. 
Despite extensive subsurface exploration and the application of 
quantitative methods of investigation during the last 15 years, 
however, the detailed relationship between structure and thickness 
on a smaller scale remains in dispute.
In the Southern Coalfield (Fig. 1) an inverse relationship 
between the structural elevation (relative to sea level) and 
formation thickness has been recorded by several workers, including 
Wilson, Wright, Taylor, and Probert (1958), Cramsie (1964), Cook 
(1969a, 1969b, 1978), Bunny (1972), Stuntz (1972), Bembrick,
Herbert, Scheibner, and Stuntz (1973), Bowman (1974) and Cook and 
Johnson (1975). The existence of such a relationship in the Southern 
Coalfield has been questioned by Duff (1967) and, with respect to the 
structure and thickness of the Bulli Coal, by Shibaoka and Bennett 
(1975, 1976); the latter authors explained the thickness variations 
of the Bu lli Coal in terms of penecontemporaneous erosion. In the 
Northern Coalfield (Sydney Basin) a similar inverse relationship 
between structure and thickness has been reported by Branagan and 
Johnson (1970) and by Johnson (1973, 1974).
Attempts have been made to relate formation thickness in the 
Southern Coalfield to structural highs and lows by comparing isopach 
maps with features on structure-contour maps (for example, Cramsie, 
1964; Bunny, 1972). This technique suffers from the difficulty of
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r e c o g n i z i n g  t h i c k n e s s  a n o m a l i e s  a n d  d i s t i n g u i s h i n g  a c c u r a t e l y  a n d  
o b j e c t i v e l y  b e t w e e n  s t r u c t u r a l l y  p o s i t i v e  a n d  n e g a t i v e  d o m a i n s  u s i n g  
c o n t o u r - t y p e  m a p s .  T h i s  p r o b l e m  b e c o m e s  m o r e  a c u t e  i n  a r e a s  o f  
i r r e g u l a r  c o n t r o l - p o i n t  s p a c i n g .
K r u m b e i n  (1959) d e m o n s t r a t e d  t h e  e f f e c t i v e n e s s  o f  t r e n d -  
s u r f a c e  a n a l y s i s  i n  s t u d y i n g  t h e  p a t t e r n s  o f  v a r i a t i o n  i n  a r e a l l y  
d i s t r i b u t e d  d a t a  w i t h  i r r e g u l a r  c o n t r o l - p o i n t  s p a c i n g .  C o o k  (1969a) 
e m p l o y e d  t h i s  t e c h n i q u e  t o  a n a l y z e  t h e  p a t t e r n s  o f  v a r i a t i o n  i n  t h e  
s t r u c t u r e  a n d  t h i c k n e s s  o f  t h e  B u l l i  C o a l  i n  t h e  s o u t h e r n  S y d n e y  
B a s i n  a n d  o b s e r v e d  a  s i g n i f i c a n t  i n v e r s e  c o r r e l a t i o n  b e t w e e n  t h e  t w o  
v a r i a b l e s  o n  b o t h  a  r e g i o n a l  a n d  a  l o c a l  s c a l e .  On t h e  b a s i s  o f  t h i s  
c o r r e l a t i o n  i t  w a s  p o s t u l a t e d  t h a t  p r e s e n t - d a y  s t r u c t u r e s  a r e  a n  
i n t e n s i f i c a t i o n  o f  s t r u c t u r e s  w h i c h  w e r e  a c t i v e  d u r i n g  t h e  
a c c u m u l a t i o n  o f  t h e  B u l l i  C o a l  a n d  w h i c h  c o n t r o l l e d  t h e  t h i c k n e s s  o f  
t h e  c o a l  s e a m .  I t  w a s  s h o w n  i n  l a t e r  s t u d i e s  ( C o o k  a n d  J o h n s o n ,  1975; 
C o o k ,  1978) t h a t  o t h e r  p r o p e r t i e s  o f  c o a l  s e a m s ,  i n c l u d i n g  s w e l l i n g  
n u m b e r ,  a s h  y i e l d ,  p h o s p h o r u s  c o n t e n t ,  a n d  c o a l  r a n k  ( i n  t e r m s  o f  
v i t r i n i t e  r e f l e c t a n c e )  a r e  a l s o  a m e n a b l e  t o  i n v e s t i g a t i o n  u s i n g  
t r e n d - s u r f a c e  a n a l y s i s .  C o o k  a n d  J o h n s o n  (1975) a l s o  e x a m i n e d  t h e  
i n t e r r e l a t i o n s h i p s  a m o n g  a  n u m b e r  o f  c o a l  p r o p e r t i e s  u s i n g  t h e  
r e l a t e d  t e c h n i q u e  o f  c a n o n i c a l  t r e n d - s u r f a c e  a n a l y s i s .  F r o m  t h e  
r e s u l t s  o f  t h i s  s t u d y ,  t h e  a u t h o r s  p o s t u l a t e d  ( p .  5 3 7 )  t h a t  
" d i f f e r e n t i a l  s u b s i d e n c e  c o n t r o l l e d  t h e  a r e a l  d i s t r i b u t i o n  o f  c o a l  
p r o p e r t i e s  a n d  s e a m  t h i c k n e s s  a n d  t h a t  t h e  f o r m  o f  t h e  c o n t e m p o r a n e o u s  
s t r u c t u r e s  i s  s t i l l  p r e s e r v e d  i n  t h e  p r e s e n t - d a y  s t r u c t u r e " .
Johnson (1973, 1974) studied the relationship between structure
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and formation thickness in the Moon Island Beach Subgroup,
Newcastle Coal Measures (Northern Coalfie ld ), using trend-surface 
analysis. From these studies Johnson concluded that the Macquarie 
Syncline and several smaller-scale structures were active during 
sedimentation and influenced the thickness of both the coal and 
epiclastic formations, although the regional southeasterly dip was 
considered to have been superimposed after the close of sedimentation.
In the present study, trend-surface analysis was employed to 
investigate further the hypothesis of structural control over 
sedimentation in the Southern Coalfield using data covering a major 
part of the Permo-Triassic sequence. The patterns of structure and 
thickness variation were analyzed into a regional (trend) and a 
local (residual) component and the relationships between the 
variables were quantitatively evaluated at each scale. The results 
for successive Permo-Triassic formations were compared with a view 
to better understanding the tectono-sedimentary evolution of the 
region.
STRUCTURAL SETTING AND STRATIGRAPHY
The Southern Coalfield (as defined by the Standing Committee 
on Coalfield Geology of New South Wales, 1971) is located in the 
axial region and on the eastern limb of the "main controlling 
syncline" (Wilson, Wright, Taylor, and Probert, 1958) of the 
southern Sydney Basin (Fig. 1). This syncline is a broad 
asymmetrical structure, plunging northward through Camden toward 
the deepest part of the Sydney Basin near St. Marys, west of Sydney. 
The western limb is steeper than the eastern limb and is associated
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with a number of monoclinal flexures, some of which appear to be 
related to growth faults (that is ,  faults that were active during 
sedimentation). A series of northwest-trending anticlines, 
synclines, and major faults (with throws of the order of 70 m) 
are superimposed upon the northwest regional dip of the strata in the 
Southern Coalfie ld. Cook (1969a) isolated the small-scale foldlike  
structures from the regional structure of the southern Sydney Basin 
using trend-surface analysis.
The main stratigraphic units of the Southern Coalfield are 
shown in Table 1. The late Permo-Triassic strata comprise a 
regressive sequence from the marginal marine Shoalhaven Group, 
through the fluvio-deltaic  Illawarra Coal Measures and Narrabeen 
Group, to the Hawkesbury Sandstone, which was apparently deposited 
by braided streams.
The stratigraphic interval under investigation (Fig. 2) 
extends from the base of the Wongawilli Coal to the base of the 
Hawkesbury Sandstone. The lower boundary was dictated by the 
ava ilab ility  of borehole data; of the approximately 750 boreholes 
drilled  in the southern Sydney Basin, re latively  few penetrate 
below the Wongawilli Coal. The choice of the upper boundary was 
governed by the partly eroded upper surface of the Hawkesbury Sand­
stone and by the absence of co rrectab le  horizons within this unit. 
Lithologic details of the 10 formations comprising this interval 
are given in Table 2.
Correlation within the Narrabeen Group below the Bald H ill  
Claystone is very uncertain as a result of latera l lithologic  
variation and lensing out of the claystone formations. The inter-
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vening sandstone formations are not sufficiently distinctive to 
allow a valid  stratigraphic breakdown (using borelog data) where the 
claystone formations are absent. Furthermore, the formation boundaries 
are almost certainly diachronous. The boundary definition between 
the Wongawilli Coal and the Eckersley Formation is also uncertain 
since the upper section of the Wongawilli Coal contains variable 
proportions of interbedded coal, carbonaceous shale and claystone, 
while the basal portion of the Eckersley Formation is composed of 
fine-grained, partly carbonaceous sediments.
METHOD OF ANALYSIS 
Trend-Surface Analysis
The in it ia l  aim of this study was to resolve the variation in 
structure and formation thickness in the Southern Coalfield into 
geologically meaningful regional and local components using trend- 
surface analysis. The method of non-orthogonal polynomial trend- 
surface analysis was selected in view of the apparent simplicity 
of the regional variation and the irregular control-point spacing.
This technique involves partitioning the total variation in the 
dependent variable (structure or thickness) into a trend component 
and a residual component, both of which may have geological 
significance; see Krumbein (1959), Krumbein and Graybill (1965), 
Harbaugh and Merriam (1968) and Davis (1973).
The trend-surface analysis computer program used in this study 
was based upon subroutines TREND and SLE (Davis, 1973) for polynomial 
trend-surface analysis and GRID (Davis, 1973) for interpolating 
irregularly spaced data points onto a regular grid; a modified 
version of JCCONT (used in JCMAP1 by Cole, 1969) was used for
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c o n t o u r i n g .  T h i s  p r o g r a m  w a s  m a d e  a v a i l a b l e  b y  D r .  W . E .  S t e p h e n s ,  
U n i v e r s i t y  o f  S t .  A n d r e w s ,  S c o t l a n d ;  t h e  c o m p u t a t i o n s  w e r e  c a r r i e d  
o u t  o n  t h e  IB M  3 6 0 / 4 4  a t  t h e  U n i v e r s i t y  o f  S t .  A n d r e w s .
Data Analysis
The data were derived from boreholes which were drilled  to 
explore for coal and, in a few cases, for o i l  and gas. Detailed 
graphic borelogs were constructed from the original written logs 
to enable the correlation of formation boundaries. Many of the older 
borehole data were rejected because of suspected inaccuracies in the 
grid coordinates and collar levels. The residual maps were useful 
in checking for errors in the data, since the relative errors in the 
residuals are much larger than those in the trends. The number of 
available control points for analysis of some intervals was further 
reduced by the following factors:
(a) not a l l  boreholes penetrate the fu ll interval to the 
base of the Wongawilli Coal;
(b) many bores are not fully cored in the Hawkesbury Sandstone and 
Narrabeen Group;
(c) several formations (e . g . , Stanwell Park Claystone and Wombarra 
Claystone) are not developed across the entire study area; and,
( d )  the top of the section studied is partly eroded in some areas.
A  m a x im u m  o f  3 0 5  ( B u l l i  C o a l  s t r u c t u r e )  a n d  a  m i n i m u m  o f  1 3 6  ( B u l g o  
S a n d s t o n e  t h i c k n e s s )  c o n t r o l  p o i n t s  w e r e  a v a i l a b l e  f o r  a n a l y s i s .
Trend-surface analysis was carried out on the reduced levels 
( t h a t  i s ,  the structural elevation relative to sea level) of the 1 1  
f o r m a t i o n  boundaries and on the 1 0  formation thicknesses in the
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Wongawilli Coal-Hawkesbury Sandstone interval. In each case the 
f i r s t -  to fourth-degree trend surface and residual contour maps were 
produced, analysis—of"Variance data for tests of significance on the 
trends were also generated. The relationship between structure 
and thickness was investigated on both a regional and local scale 
using a variety of statistica l techniques relating to the trend- 
surface data.
TREND-SURFACE ANALYSIS OF PRESENT-DAY STRUCTURE
The regional and local components of present-day structure 
show l i t t l e  change throughout the sequence from the base of the 
Wongawilli Coal to the base of the Hawkesbury Sandstone. In a ll  
11 analyses the f i r s t -  to fourth-degree trend surfaces are highly 
significant (leve l of significance, p< 0.0001); the additional 
pure quadratic, cubic, and quartic terms are also highly significant 
(p <0.0001). Detailed results are presented for the Bulli Coal and 
the Hawkesbury Sandstone only.
The structure contours for the bases of the Bulli Coal and 
the Hawkesbury Sandstone (Fig. 3) describe slightly warped, but 
essentially planar, surfaces dipping north-northwest.
S t r u c t u r a l  T r e n d  S u r f a c e s
T h e  f i r s t - a n d  f o u r t h - d e g r e e  s t r u c t u r a l  t r e n d  s u r f a c e s  f o r  t h e  
b a s e s  o f  t h e  B u l l i  C o a l  a n d  t h e  H a w k e s b u r y  S a n d s t o n e  a r e  s h o w n  i n  
F i g .  4 .  T h e  h i g h  v a l u e s  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  ( a l s o  
s h o w n  i n  F i g .  4 )  i n d i c a t e  t h e  h i g h  l e v e l s  o f  f i t  o f  t h e  t r e n d  
s u r f a c e s  t o  t h e  r a w  d a t a .  T h e  f i r s t - d e g r e e  t r e n d  s u r f a c e s  i n d i c a t e  
a  n o r t h - n o r t h w e s t  r e g i o n a l  d i p  o f  a p p r o x i m a t e l y  1 ° .  F i v e  h o r i z o n s
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i n  t h e  W o n g a w i l l i  C o a 1 - H a w k e s b u r y  S a n d s t o n e  i n t e r v a l  h a v e  g r a d i e n t s  
w h i c h  d e c r e a s e  a n d  d i p  d i r e c t i o n s  w h i c h  m i g r a t e  c o u n t e r c l o c k w i s e  
u p w a r d  t h r o u g h  t h e  s e q u e n c e  ( T a b l e  3 ) .  T h e  n o r t h - n o r t h w e s t  r e g i o n a l  
d i p  i s  f u r t h e r  r e s o l v e d  i n  t h e  t h i r d -  a n d  f o u r t h - d e g r e e  t r e n d  s u r f a c e s  
i n t o  a  n o r t h - p l u n g i n g  s y n c l i n e  ( i n  t h e  w e s t )  a n d  a n t i c l i n e  ( i n  t h e  e a s t ) .  
T h e  a n g l e  o f  p l u n g e  i s  a p p r o x i m a t e l y  1 . 2 ° ,  r e p r e s e n t i n g  a  g r a d i e n t  o f  
21 m/km.
S t r u c t u r a l  R e s i d u a l s
A s  a  r e s u l t  o f  t h e  g e o g r a p h i c a l  c o r r e l a t i o n  a m o n g  t h e  s t r u c t u r a l  
r e s i d u a l s ,  t h e  c o n t o u r e d  r e s i d u a l s  d e s c r i b e  a  n u m b e r  o f  p o s i t i v e  a n d  
n e g a t i v e  d o m a i n s  w h i c h  c o r r e s p o n d  t o  s m a l l - s c a l e  s t r u c t u r a l  f e a t u r e s .
T h e  r e s i d u a l  m ap s  a r e  v e r y  s t a b l e  w i t h  r e s p e c t  t o  a n  i n c r e a s e  i n  t h e  
d e g r e e  o f  t h e  t r e n d  s u r f a c e ,  a p a r t  f r o m  t h e  e x p e c t e d  d e c r e a s e  i n  t h e  
a m p l i t u d e  o f  t h e  r e s i d u a l s  a s  t h e  h i g h e r  d e g r e e  t r e n d  s u r f a c e s  c o n ­
f o r m  m o r e  c l o s e l y  w i t h  t h e  o r i g i n a l  d a t a .
T h e  c o n t o u r e d  f o u r t h - d e g r e e  s t r u c t u r a l  r e s i d u a l s  f o r  t h e  b a s e s  
o f  t h e  B u l l i  C o a l  a n d  t h e  H a w k e s b u r y  S a n d s t o n e  a r e  g i v e n  i n  F i g s .
5 a n d  6 .  T h e  s t r u c t u r a l  d o m a i n s  ( s u m m a r i z e d  i n  T a b l e  4 )  s h o w  a  c l o s e  
g e o g r a p h i c a l  a g r e e m e n t  b e t w e e n  t h e  t w o  h o r i z o n s .  T h e r e  i s  a  t e n d e n c y ,  
h o w e v e r ,  f o r  t h e  a m p l i t u d e  o f  t h e  r e s i d u a l  d o m a i n s  t o  d e c r e a s e  u p w a r d  
t h r o u g h  t h e  s e q u e n c e .
T R E N D -S U R F A C E  A N A L Y S IS  OF F O R M A T IO N  T H IC K N E S S
I n  a n  i n v e s t i g a t i o n  o f  t h e  i n f l u e n c e  o f  c o n t e m p o r a n e o u s  
s u b s i d e n c e  u p o n  f o r m a t i o n  t h i c k n e s s  i t  i s  d e s i r a b l e  t h a t  ( a )  
t h e  f o r m a t i o n  b o u n d a r i e s  a r e  n o n - d i a c h r o n o u s  ( o r  a t  l e a s t  t i m e ­
p a r a l l e l ) ,  a n d  ( b )  t h e  f o r m a t i o n  l i t h o l o g i e s  a r e  u n i f o r m  ( t o  
e l i m i n a t e  t h e  e f f e c t s  o f  d i f f e r e n t i a l  c o m p a c t i o n  u p o n  t h e  o r i g i n a l
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t h i c k n e s s  d i s t r i b u t i o n ) .  W i t h i n  t h e  W o n g a w i l l i  C o a l - H a w k e s b u r y  
S a n d s t o n e  i n t e r v a l ,  t h e  B u l l i  C o a l  a n d  t h e  B a l d  H i l l  C l a y s t o n e  
s a t i s f y  t h e s e  r e q u i r e m e n t s  m o r e  c l o s e l y  t h a n  t h e  r e m a i n i n g  
f o r m a t i o n s .  F u r t h e r m o r e ,  o n l y  t h e  B u l l i  C o a l  a n d  t h e  B a l d  H i l l  
C l a y s t o n e  h a v e  e a s i l y  r e c o g n i z a b l e  b o u n d a r i e s  o v e r  a  w i d e  a r e a  o f  t h e  
S o u t h e r n  C o a l f i e l d .  A c c o r d i n g l y ,  r e s u l t s  f o r  t r e n d - s u r f a c e  a n a l y s i s  
o f  f o r m a t i o n  t h i c k n e s s  a r e  p r e s e n t e d  f o r  t h e s e  t w o  f o r m a t i o n s  o n l y .
B u l l i  C o a l  T h i c k n e s s
T h e  i s o p a c h  m a p  b a s e d  o n  r a w  t h i c k n e s s  f o r  t h e  B u l l i  C o a l  
( F i g .  7 a )  s h o w s  t h a t  t h e  s e a m  t h i c k e n s  i r r e g u l a r l y  t o  t h e  n o r t h -  
n o r t h e a s t .  T h e  f i r s t - d e g r e e  t r e n d  s u r f a c e  ( F i g .  8 )  i n d i c a t e s  a  
r a t e  o f  r e g i o n a l  s e a m  t h i c k e n i n g  o f  0 . 0 3 1  m /k m  t o w a r d  0 0 3 °  ( c . f .  
s t r u c t u r a l  d i p  d i r e c t i o n  3 3 7 ° ) .  T h e  h i g h e r - d e g r e e  t r e n d  s u r f a c e s  
d e s c r i b e  a  t h i c k n e s s  d i s t r i b u t i o n  t h a t  r e f l e c t s  t h e  s t r u c t u r a l  
g e o m e t r y :  t h i c k  s e a m  d e v e l o p m e n t  o c c u r s  i n  t h e  v i c i n i t y  o f  t h e  
s y n c l i n e  a x i s  i n  t h e  w e s t  o f  t h e  s t u d y  a r e a  a n d  s e a m  t h i n n i n g  
o c c u r s  o v e r  t h e  a n t i c l i n e  a x i s  i n  t h e  e a s t .
T h e  c o n t o u r e d  f o u r t h - d e g r e e  t h i c k n e s s  r e s i d u a l s  f o r  t h e  B u l l i  
C o a l  a r e  s h o w n  i n  F i g .  9  a n d  t h e  t h i c k n e s s  d o m a i n s  a r e  s u m m a r i z e d  i n  
T a b l e  5 .  T h e  a m p l i t u d e  o f  t h e  r e s i d u a l s  t e n d s  t o  d e c r e a s e  w i t h  a n  
i n c r e a s e  i n  t h e  d e g r e e  o f  t h e  c o r r e s p o n d i n g  t r e n d  s u r f a c e .  T h e  m o s t  
s t r i k i n g  f e a t u r e  o f  t h e  s t r u c t u r e  a n d  t h i c k n e s s  r e s i d u a l  m a p s  i s  t h e  p 
c l o s e  g e o g r a p h i c a l  c o r r e s p o n d e n c e  b e t w e e n  p o s i t i v e  t h i c k n e s s  a n d  
n e g a t i v e  s t r u c t u r a l  d o m a i n s  a n d  b e t w e e n  n e g a t i v e  t h i c k n e s s  a n d  
p o s i t i v e  s t r u c t u r a l  d o m a i n s .  T h e r e  i s ,  h o w e v e r ,  a n  a n o m a l o u s l y  
t h i c k  d e v e l o p m e n t  o f  t h e  B u l l i  C o a l  o n  t h e  s o u t h e r n  f l a n k  o f  t h e  
K e m i r a  A n t i c l i n e  ( d o m a i n  6 ,  T a b l e  5 ) .  C o o k  ( 1 9 6 9 a )  a t t r i b u t e d  t h i s
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a n o m a l y  t o  t h e  a b u n d a n c e  o f  i n o r g a n i c  c l a s t i c  m a t e r i a l  i n  t h e  c o a l  
s e a m ,  w h i c h  r e s u l t s  i n  a  l o w e r  c o m p a c t i o n  r a t i o  f o r  t h e  B u l l i  C o a l  i n  
t h i s  a r e a  t h a n  e l s e w h e r e .
B a l d  H i l l  C l a y s t o n e  T h i c k n e s s
T h e  i s o p a c h  m a p  f o r  t h e  B a l d  H i l l  C l a y s t o n e  ( F i g .  7 b )  s h o w s  a  
n o r t h e r l y  i n c r e a s e  i n  f o r m a t i o n  t h i c k n e s s .  A c c u r a t e  t h i c k n e s s  
d a t a  w e r e  n o t  a v a i l a b l e  i n  t h e  n o r t h - n o r t h w e s t  p o r t i o n  o f  t h e  s t u d y  
a r e a .  T h e  f i r s t - d e g r e e  t r e n d  s u r f a c e  ( F i g .  1 0 )  d i p s  t o w a r d  3 4 1 °  
w i t h  a  g r a d i e n t  o f  0 . 5 6  m / k m ;  t h i s  c o m p a r e s  w i t h  a  s t r u c t u r a l  d i p  i n  
t h e  d i r e c t i o n  3 2 8 ° .  T h e  h i g h e r - d e g r e e  t r e n d  s u r f a c e s  r e v e a l  a  
r e g i o n a l  t h i c k n e s s  p a t t e r n  w h i c h  c o r r e s p o n d s  t o  t h e  r e g i o n a l  
s t r u c t u r e ,  a s  h a s  b e e n  d e s c r i b e d  f o r  t h e  B u l l i  C o a l ;  h o w e v e r ,  t h e  
B u l l i  C o a l  t r e n d  i n d i c a t e s  s e a m  t h i n n i n g  i n  t h e  e x t r e m e  n o r t h e a s t  
p o r t i o n  o f  t h e  s t u d y  a r e a  w h e r e a s  t h e  B a l d  H i l l  C l a y s t o n e  s h o w s  r a p i d  
t h i c k e n i n g .
T h e  d i s t r i b u t i o n  o f  t h e  t h i c k n e s s  r e s i d u a l  d o m a i n s  f o r  t h e  B a l d  
H i l l  C l a y s t o n e  ( F i g .  1 1 )  s h o w s  a n  i n v e r s e  r e l a t i o n s h i p  w i t h  t h e  
s t r u c t u r e  d o m a i n s ,  a l t h o u g h  t h e  r e l a t i o n s h i p  i s  l e s s  r e g u l a r  t h a n  f o r  
t h e  B u l l i  C o a l .
T H E  R E L A T I O N S H I P  BETWEEN FORMATION S T R U C T U R E  
A N D  T H IC K N E S S
T h e  r e s u l t s  o f  t r e n d - s u r f a c e  a n a l y s i s  f o r  t h e  B u l l i  C o a l  a n d  
t h e  B a l d  H i l l  C l a y s t o n e  s u g g e s t  a n  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  
s t r u c t u r e  a n d  t h i c k n e s s  o n  b o t h  a  r e g i o n a l  a n d  a  l o c a l  s c a l e .  T h i s  
r e l a t i o n s h i p  w a s  f u r t h e r  a n a l y z e d  o n  t h e  b a s i s  o f  c o r r e l a t i o n  
c o e f f i c i e n t s  b e t w e e n  s t r u c t u r e  a n d  t h i c k n e s s  d a t a  u s i n g  t h e  r a w  d a t a ,
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t h e  t r e n d s ,  a n d  t h e  r e s i d u a l s  f r o m  t h e  t r e n d s .
R aw  D a t a
T h e  c o r r e l a t i o n  c o e f f i c i e n t  b e t w e e n  t h e  o r i g i n a l  v a l u e s  o f  t h e  
p r e s e n t - d a y  s t r u c t u r e  a n d  t h i c k n e s s  o f  t h e  B u l l i  C o a l  i s  - 0 . 5 6 8  
a n d  i s  s t a t i s t i c a l l y  s i g n i f i c a n t .
U s i n g  t h e  b a s e  o f  t h e  B a l d  H i l l  C l a y s t o n e  a s  d a t u m ,  t h e  M i d d l e  
T r i a s s i c  c o n f i g u r a t i o n  o f  t h e  B u l l i  C o a l  w a s  d e t e r m i n e d  b y  m e a s u r i n g  
t h e  ( v e r t i c a l )  d i s t a n c e  b e t w e e n  t h e  d a t u m  a n d  t h e  c o a l  s e a m .  I t  
s h o u l d  b e  n o t e d  t h a t  t h i s  a p p r o a c h  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  
e f f e c t s  o f  d i f f e r e n t i a l  c o m p a c t i o n  w i t h i n  t h e  B a l d  H i l l  C l a y s t o n e -  
B u l l i  C o a l  i n t e r v a l  a f t e r  t h e  d e p o s i t i o n  o f  t h e  B u l g o  S a n d s t o n e .  T h e  
c o r r e l a t i o n  c o e f f i c i e n t  b e t w e e n  t h e  i n f e r r e d  M i d d l e  T r i a s s i c  s t r u c t u r e  
a n d  t h e  t h i c k n e s s  o f  t h e  B u l l i  C o a l  i s  - 0 . 6 4 1 .  A  s t a t i s t i c a l  c o m p a r i s o n  
o f  t h i s  v a l u e  ( w i t h  1 7 1  d e g r e e s  o f  f r e e d o m )  w i t h  t h e  v a l u e  o f  - 0 . 5 6 8  
( 2 7 4  d f )  s h o w s  t h a t  t h e  c o e f f i c i e n t s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  a n d  
t h a t  t h e  r e l a t i o n s h i p  i n v o l v i n g  T r i a s s i c  s t r u c t u r e  v a l u e s  i s  s t r o n g e r  
t h a n  t h a t  i n v o l v i n g  p r e s e n t - d a y  s t r u c t u r e  v a l u e s .
S t r u c t u r a l  a n d  T h i c k n e s s  T r e n d s
T h e  f i r s t - d e g r e e  p r e s e n t - d a y  s t r u c t u r a l  t r e n d  a n d  t h e  t h i c k n e s s  
t r e n d  f o r  t h e  B u l l i  C o a l  d i f f e r  b y  2 6 ° ,  w h i l e  t h e  i n f e r r e d  M i d d l e  
T r i a s s i c  s t r u c t u r a l  t r e n d  ( 1 0 2 ° )  d i f f e r s  f r o m  t h e  t h i c k n e s s  t r e n d  
b y  9°«, I n  t h e  c a s e  o f  t h e  B a l d  H i l l  C l a y s t o n e  t h e  d i f f e r e n c e  b e t w e e n  
t h e  f i r s t - d e g r e e  t h i c k n e s s  a n d  s t r u c t u r a l  t r e n d s  i s  1 3 ° .
C o r r e l a t i o n  c o e f f i c i e n t s  w e r e  c o m p u t e d  f o r  t h e  p r e s e n t - d a y  
s t r u c t u r e  a s  a  f u n c t i o n  o f  B u l l i  C o a l  t h i c k n e s s  t r e n d s  ( T a b l e  6 A )  
a n d  f o r  t h e  i n f e r r e d  T r i a s s i c  s t r u c t u r e  a s  a  f u n c t i o n  o f  B u l l i  C o a l
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t h i c k n e s s  t r e n d s  ( T a b l e  6 C ) ,  u s i n g  t h e  s e a m  s t r u c t u r e  a s  t h e  
i n d e p e n d e n t  v a r i a b l e  a n d  t h e  s e a m  t h i c k n e s s  a s  t h e  d e p e n d e n t  
v a r i a b l e .  T h e  T r i a s s i c  s t r u c t u r e  v a l u e s  a r e  c o n s i s t e n t l y  h i g h e r  
a n d  t h e  d i f f e r e n c e  b e t w e e n  t h e  h i g h e s t  c o r r e l a t i o n  c o e f f i c i e n t s  i n  e a c h  
s e t  ( a s s o c i a t e d  w i t h  t h e  f i r s t - d e g r e e  t r e n d s )  i s  s t a t i s t i c a l l y  
s i g n i f i c a n t .  T h e  h i g h  v a l u e s  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  
s u g g e s t i v e  o f  a  s t r o n g  r e l a t i o n s h i p  b e t w e e n  t h e  s t r u c t u r a l  a n d  
t h i c k n e s s  t r e n d s  f o r  t h e  B u l l i  C o a l .
S t r u c t u r a l  a n d  T h i c k n e s s  R e s i d u a l s
A s  a  f i r s t  a p p r o a c h  t o  s t u d y i n g  t h e  r e l a t i o n s h i p  b e t w e e n  
s t r u c t u r e  a n d  t h i c k n e s s  o n  a  l o c a l  s c a l e ,  m a p s  o f  s u p e r p o s e d  p r e s e n t -  
d a y  s t r u c t u r e  a n d  t h i c k n e s s  r e s i d u a l  d o m a i n s  w e r e  c o n s t r u c t e d  f o r  t h e  
1 0  f o r m a t i o n s  c o m p r i s i n g  t h e  W o n g a w i l l i  C o a l - H a w k e s b u r y  S a n d s t o n e  
i n t e r v a l  ( F i g s .  12  a n d  1 3 ) .  T h e  m a p s  s h o w  a  p r e d o m i n a n c e  o f  a r e a s  
w i t h  s t r u c t u r a l  a n d  t h i c k n e s s  r e s i d u a l s  o f  o p p o s i t e  s i g n  o v e r  a r e a s  
w i t h  r e s i d u a l s  o f  t h e  s a m e  s i g n ;  t h a t  i s ,  t h e  m a p  d a t a  s u p p o r t  t h e  
o b s e r v e d  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  s t r u c t u r e  a n d  t h i c k n e s s .  A s  a  
m e a s u r e  o f  t h i s  r e l a t i o n s h i p ,  t h e  a r e a  c o v e r e d  b y  n e g a t i v e  s t r u c t u r e ­
p o s i t i v e  t h i c k n e s s  a n d  p o s i t i v e  s t r u c t u r e - n e g a t i v e  t h i c k n e s s  d o m a i n s  
( t h a t  i s ,  h a v i n g  s t r u c t u r a l  a n d  t h i c k n e s s  r e s i d u a l s  o f  o p p o s i t e  s i g n )  
w a s  d e t e r m i n e d  a s  a  p e r c e n t a g e  o f  t h e  t o t a l  a r e a ;  o b s e r v a t i o n s  w e r e  
m a d e  a t  1 km  i n t e r v a l s  o n  a  s q u a r e  g r i d .  T h e  v a l u e s  f o r  e a c h  f o r m a t i o n  
( T a b l e  7 )  s h o w  t h a t ,  i n  a l l  c a s e s  e x c e p t  t h e  C o a l  C l i f f  S a n d s t o n e ,  
a r e a s  c o v e r e d  b y  r e s i d u a l s  o f  t h e  o p p o s i t e  s i g n  p r e d o m i n a t e .  A  
t e s t  o f  t h e  o b s e r v e d  f r e q u e n c i e s  o f  t h e  f o u r  t y p e s  o f  d o m a i n  
c o m b i n a t i o n s  a g a i n s t  t h e i r  e x p e c t e d  r a n d o m  f r e q u e n c i e s  w a s  u s e d  a s  a n
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a p p r o x i m a t e  m e t h o d  o f  r a n k i n g  t h e  f o r m a t i o n s  a c c o r d i n g  t o  t h e  s t r e n g t h  
o f  t h e  s t r u c t u r e / t h i c k n e s s  r e l a t i o n s h i p .  T h e  X ^ v a l u e s  f o r  t h e  
B u l l i  C o a l  a n d  t h e  B a l d  H i l l  C l a y s t o n e  a r e  m u c h  l a r g e r  t h a n  t h o s e  
f o r  t h e  r e m a i n i n g  e i g h t  f o r m a t i o n s  ( T a b l e  7 ) .
C o r r e l a t i o n  c o e f f i c i e n t s  w e r e  a l s o  c o m p u t e d  f o r  t h e  p r e s e n t -  
d a y  s t r u c t u r e  a s  a  f u n c t i o n  o f  B u l l i  C o a l  t h i c k n e s s  r e s i d u a l s  ( T a b l e  
6 B )  a n d  f o r  t h e  i n f e r r e d  M i d d l e  T r i a s s i c  s t r u c t u r e  a s  a  f u n c t i o n  o f  
B u l l i  C o a l  t h i c k n e s s  r e s i d u a l s  ( T a b l e  6 D ) . A l t h o u g h  t h e  v a l u e s  o f  
t h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  m o d e r a t e l y  l o w ,  t h e y  n e v e r t h e l e s s  
i n d i c a t e  a  s t a t i s t i c a l l y  s i g n i f i c a n t  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  t h e  
s t r u c t u r a l  a n d  t h i c k n e s s  r e s i d u a l s .  T h e  v a l u e s  a r e  c o n s i s t e n t l y  
h i g h e r  f o r  t h e  r e l a t i o n s h i p  i n v o l v i n g  t h e  i n f e r r e d  T r i a s s i c  s t r u c t u r e  
a n d  t h e  d i f f e r e n c e  b e t w e e n  t h e  h i g h e s t  c o r r e l a t i o n  c o e f f i c i e n t  i n  
e a c h  s e t  ( a s s o c i a t e d  w i t h  t h e  f o u r t h - d e g r e e  r e s i d u a l s )  i s  s t a t i s t i c a l l y  
s i g n i f i c a n t .
T h e  f o u r t h - d e g r e e  r e s i d u a l  c o n t o u r  m ap  f o r  t h e  i n t e r v a l  b e t w e e n  
t h e  B a l d  H i l l  C l a y s t o n e  a n d  t h e  B u l l i  C o a l  ( a s s u m e d  t o  i n d i c a t e  t h e  
M i d d l e  T r i a s s i c  c o n f i g u r a t i o n  o f  t h e  B u l l i  C o a l )  i s  s h o w n  i n  F i g .  1 4 .  
A p â r t  f r o m  d i f f e r e n c e s  o f  a m p l i t u d e ,  t h e  S o u t h  B u l l i  S y n c l i n e  i s  
d e p i c t e d  a s  a  m o r e  o p e n  s t r u c t u r e  a n d  t h e  K e m i r a  p o s i t i v e  d o m a i n  i s  
a  l e s s  p r o m i n e n t  f e a t u r e  t h a n  i t  i s  i n  t h e  c o r r e s p o n d i n g  m ap f o r  t h e  
p r e s e n t - d a y  s t r u c t u r e ( F i g . 6 ) ;  t h e  p r e s e n t - d a y  c o n f i g u r a t i o n  o f  t h e s e  
f e a t u r e s  m a y  b e  p a r t i a l l y  d u e  t o  T e r t i a r y  i g n e o u s  i n t r u s i o n  i n  t h e  
v i c i n i t y  o f  t h e  B u l l i  a n d  K e m i r a  A n t i c l i n e s .
The E ffect of Scale Factors upon the Structure/
Thickn ess Relationship
Trend-surface analyses of present-day structure and thickness
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o f  t h e  B u l l i  C o a l  w e r e  c a r r i e d  o u t  a t  t h e  s c a l e  o f  a n  i n d i v i d u a l  
c o l l i e r y  h o l d i n g  i n  t h e  W e d d e r b u r n  a r e a  ( F i g .  1 ) .  U s i n g  2 2  c o n t r o l  
p o i n t s ,  t h e  f i r s t -  t o  t u i r d - d e g r e e  s t r u c t u r a l  a n d  t h i c k n e s s  t r e n d  
s u r f a c e s  w e r e  c o m p u t e d .  T h e  s t r u c t u r a l  t r e n d  s u r f a c e s  a r e  a l l  
s t a t i s t i c a l l y  s i g n i f i c a n t  ( p < 0 . 0 0 0 1 ) .  O n l y  t h e  f i r s t -  a n d  s e c o n d -  
d e g r e e  t h i c k n e s s  t r e n d  s u r f a c e s  a r e  s i g n i f i c a n t  ( p  < 0 . 0 5 )  a n d  t h e  
q u a d r a t i c  t e r m s  d o  n o t  i m p r o v e  t h e  g o o d n e s s - o f - f i t  s i g n i f i c a n t l y .  
A c c o r d i n g l y ,  o n l y  t h e  f i r s t - d e g r e e  s t r u c t u r a l  a n d  t h i c k n e s s  t r e n d s  
a n d  r e s i d u a l s  w e r e  c o m p a r e d  q u a n t i t a t i v e l y .
T h e  f i r s t - d e g r e e  s t r u c t u r a l  t r e n d  s u r f a c e ,  w h i c h  d i p s  2 3 . 3  m / k m  
t o w a r d  3 2 0 ° ,  r e f l e c t s  t h e  l o c a t i o n  o f  t h e  W e d d e r b u r n  s t u d y  a r e a  o n  
t h e  n o r t h w e s t  f l a n k  o f  t h e  B u l l i  p o s i t i v e  s t r u c t u r a l  d o m a i n  a n d  
r e s u l t s  f r o m  t h e  i n c o r p o r a t i o n  o f  p a r t  o f  t h e  r e s i d u a l  v a r i a t i o n  f o r  
t h e  l a r g e r  s t u d y  a r e a  i n t o  t h e  s t r u c t u r a l  t r e n d  f o r  t h e  W e d d e r b u r n  
a r e a .  T h e  f i r s t - d e g r e e  t h i c k n e s s  t r e n d  s u r f a c e  i n d i c a t e s  a  l o c a l  
r a t e  o f  s e a m  t h i c k e n i n g  o f  0 . 1 3 2  m / k m  t o w a r d  0 1 1 ° .  T h e  c o r r e l a t i o n  
c o e f f i c i e n t  b e t w e e n  t h e  f i r s t - d e g r e e  s t r u c t u r a l  a n d  t h i c k n e s s  t r e n d s  
f o r  t h e  W e d d e r b u r n  a r e a  i s  - 0 . 7 4 1  a n d  i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  
A l t h o u g h  c o n s i d e r a b l y  l o w e r  t h a n  t h e  v a l u e  o f  - 0 . 9 4 3  f o r  t h e  e n t i r e  
s t u d y  a r e a ,  t h e  W e d d e r b u r n  v a l u e  n e v e r t h e l e s s  r e p r e s e n t s  a  p r o n o u n c e d  
i n v e r s e  c o r r e l a t i o n  b e t w e e n  t h e  s t r u c t u r a l  a n d  t h i c k n e s s  t r e n d s .  T h e  
v a l u e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  b e t w e e n  t h e  f i r s t - d e g r e e  s t r u c t ­
u r a l  a n d  t h i c k n e s s  r e s i d u a l s  i s  - 0 . 1 9 7  a n d  i s  s t a t i s t i c a l l y  n o n ­
s i g n i f i c a n t  .
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D I S C U S S I O N
T h e  r e g i o n a l  a n d  l o c a l  p a t t e r n s  o f  s t r u c t u r a l  a n d  t h i c k n e s s  
v a r i a t i o n  r e s o l v e d  i n  t h i s  s t u d y  a g r e e  c l o s e l y  w i t h  t h o s e  r e p o r t e d  
b y  C o o k  ( 1 9 6 9 a )  f o r  t h e  B u l l i  C o a l  a c r o s s  t h e  s o u t h e r n  S y d n e y  B a s i n ,  
d e s p i t e  t h e  d i f f e r e n c e  i n  t h e  s i z e  o f  t h e  s t u d y  a r e a s .  T h e  p r e s e n t  
s t u d y  a l s o  d e m o n s t r a t e s  t h a t  a  s i m i l a r  r e l a t i o n s h i p  e x i s t s  b e t w e e n  
s t r u c t u r e  a n d  t h i c k n e s s  f o r  m o s t  o f  t h e  o t h e r  f o r m a t i o n s  s t u d i e d .
A  s t a t i s t i c a l  c o m p a r i s o n  b e t w e e n  t h e  p r e s e n t - d a y  s t r u c t u r e  
a n d  t h i c k n e s s  o f  t h e  B u l l i  C o a l  i n d i c a t e s  a  s t r o n g  n e g a t i v e  c o r r e l a t i o n  
b e t w e e n  t h e  r e g i o n a l  ( t r e n d )  c o m p o n e n t s  a n d  a  s i g n i f i c a n t  n e g a t i v e  
c o r r e l a t i o n  b e t w e e n  t h e  l o c a l  ( r e s i d u a l )  c o m p o n e n t s .  T h i s  i n v e r s e  
r e l a t i o n s h i p  b e t w e e n  t h e  p r e s e n t - d a y  s t r u c t u r e  a n d  t h i c k n e s s  o f  t h e  
B u l l i  C o a l  s u g g e s t s ,  f i r s t ,  t h a t  d i f f e r e n t i a l  s u b s i d e n c e  w a s  t h e  
d o m i n a n t  f a c t o r  i n f l u e n c i n g  t h e  t h i c k n e s s  v a r i a t i o n  o f  t h e  B u l l i  C o a l  
a n d ,  s e c o n d ,  t h a t  t h e  p r e s e n t - d a y  s t r u c t u r a l  c o n f i g u r a t i o n  i s  l a r g e l y  
d e r i v e d  f r o m  t h e  P e r m i a n  s u b s i d e n c e  p a t t e r n s .  A l t h o u g h  t h e  c o a l  s e a m  
t h i c k n e s s  w a s  u n d o u b t e d l y  a f f e c t e d  b y  l o c a l  a b l a t i o n  a n d  e r o s i o n  o f  t h e  
a c c u m u l a t i n g  p e a t ,  t h e  c l o s e  g e o g r a p h i c a l  c o r r e s p o n d e n c e  b e t w e e n  
s t r u c t u r e  a n d  t h i c k n e s s  d o m a i n s  s u g g e s t s  t h a t  t h i s  f a c t o r  w a s  n o t ,  
a s  S h i b a o k a  a n d  B e n n e t t  ( 1 9 7 5 ,  p . 3 3 6 )  c o n c l u d e d ,  i n d e p e n d e n t  o f  t h e  
d i f f e r e n t i a l  s u b s i d e n c e  f a c t o r .  T h e  p e a t  a c c u m u l a t i n g  i n  t h e  
s t r u c t u r a l l y  p o s i t i v e  a r e a s  w o u l d  b e  m o r e  v u l n e r a b l e  t o  a b l a t i o n  
a s s o c i a t e d  w i t h  f l u c t u a t i o n s  i n  t h e  l e v e l  o f  t h e  w a t e r  t a b l e  t h a n  
t h e  m o r e  r a p i d l y  s u b s i d i n g  n e g a t i v e  a r e a s .  I f  t h e  p e a t  g r o w t h  w e r e  
h a l t e d ,  t h e n  f l o o d i n g  c o u l d  o c c u r ,  p o s s i b l y  a c c o m p a n i e d  b y  e r o s i o n  
a n d  f o l l o w e d  b y  e p i c l a s t i c  s e d i m e n t a t i o n .
There is a strong resemblance between the present-day and the
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i n f e r r e d  M i d d l e  T r i a s s i c  c o n f i g u r a t i o n  o f  t h e  B u l l i  C o a l  h o r i z o n ,  
b o t h  o n  a r e g i o n a l  a n d  a  l o c a l  s c a l e .  F u r t h e r m o r e ,  a  c o m p a r i s o n  o f  
t h e  p r e s e n t - d a y  a n d  t h e  i n f e r r e d  T r i a s s i c  s t r u c t u r e  o n  t h e  b a s i s  o f  
t h e  f o u r t h - d e g r e e  t r e n d  s u r f a c e  a n d  r e s i d u a l  c o n t o u r  m a p s  d e m o n s t r a t e s  
t h a t  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  t o t a l  d e f o r m a t i o n  h a d  o c c u r r e d  
b e f o r e  t h e  o n s e t  o f  B a l d  H i l l  C l a y s t o n e  s e d i m e n t a t i o n .  T h e  s u m m e d  
a b s o l u t e  v a l u e s  o f  t h e  f o u r t h - d e g r e e  s t r u c t u r a l  r e s i d u a l s  i n d i c a t e  
t h a t  4 0 %  o f  t h e  p r e s e n t - d a y  l o c a l  s t r u c t u r a l  v a r i a t i o n  h a d  o c c u r r e d  
b y  t h i s  t i m e .  T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  p r e s e n t - d a y  
s t r u c t u r e  i s  a n  a m p l i f i c a t i o n  o f  t h e  T r i a s s i c  s t r u c t u r e .  T h e  s t r o n g  
i n v e r s e  c o r r e l a t i o n s  o f  b o t h  t h e  p r e s e n t - d a y  a n d  t h e  i n f e r r e d  T r i a s s i c  
c o n f i g u r a t i o n s  o f  t h e  B u l l i  C o a l  w i t h  c o a l  s e a m  t h i c k n e s s  i n d i c a t e  
t h a t  t h e  r e g i o n a l  a n d  l o c a l  p a t t e r n s  o f  s t r u c t u r a l  v a r i a t i o n  r e f l e c t  
d i f f e r e n t i a l  s u b s i d e n c e  p a t t e r n s  w h i c h  w e r e  e x t a n t  d u r i n g  s e d i m e n t a t i o n  
i n  t h e  P e r m i a n  a n d  T r i a s s i c  p e r i o d s .  I n  v i e w  o f  t h i s  e v i d e n c e ,  t h e  
a u t h o r  a g r e e s  w i t h  C o o k  ( 1 9 6 9 a )  t h a t  i t  i s  u n n e c e s s a r y  t o  i n v o k e  t h e  
c o n c e p t  o f  m a j o r  w a r p i n g  a s s o c i a t e d  w i t h  t h e  l a t e  T e r t i a r y  K o s c i u s k o  
U p l i f t  t o  e x p l a i n  t h e  d e f o r m a t i o n  o f  t h e  s o u t h e r n  S y d n e y  B a s i n .
T h e  a n a l y s i s - o f - v a r i a n c e  d a t a  i n  T a b l e  8  s h o w  t h a t  t h e  f o u r t h -  
d e g r e e  t h i c k n e s s  r e s i d u a l s  e x p l a i n  4 7 . 7 4 7 ,  o f  t h e  t o t a l  v a r i a n c e  i n  
t h e  c a s e  o f  t h e  B u l l i  C o a l  a n d  o n l y  2 1 . 7 3 %  i n  t h e  c a s e  o f  t h e  B a l d  
H i l l  C l a y s t o n e .  F u r t h e r m o r e ,  t h e  f o u r t h - d e g r e e  s t r u c t u r a l  r e s i d u a l s  
f o r  t h e  b a s e  o f  t h e  H a w k e s b u r y  S a n d s t o n e  ( F i g .  5 )  a r e  o f  c o n s i d e r a b l y  
l o w e r  a m p l i t u d e  t h a n  a r e  t h o s e  f o r  t h e  b a s e  o f  t h e  B u l l i  C o a l  ( F i g .
6 ) .  From these comparisons it may be inferred that the activity o f  
t h e  underlying local structures was decreasing from the late Permian
o n w a r d , .
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T h e  a n a l y s i s - o f  v a r i a n c e  d a t a  ( T a b l e  8 )  a s s o c i a t e d  w i t h  t h e  
p r e s e n t - d a y  s t r u c t u r e  o f  t h e  b a s e s  o f  t h e  B u l l i  G o a l  a n d  t h e  
H a w k e s b u r y  S a n d s t o n e  s h o w  t h a t  t h e  r e g i o n a l  s t r u c t u r e s  n o w  a c c o u n t  
f o r  m o s t  o f  t h e  s t r u c t u r a l  v a r i a t i o n ; t h e  f o u r t h - d e g r e e  t r e n d s  
e x p l a i n  m o r e  t h a n  9 6 %  o f  t h e  t o t a l  v a r i a n c e .  T h i s  s u g g e s t s  t h a t ,  
a s  t h e  a c t i v i t y  o f  t h e  l o c a l  s t r u c t u r e s  w a n e d  d u r i n g  t h e  T r i a s s i c ,  
r e g i o n a l  d i f f e r e n t i a l  s u b s i d e n c e  b e c a m e  r e l a t i v e l y  m o r e  i m p o r t a n t .
I n  a b s o l u t e  t e r m s ,  h o w e v e r ,  t h e  r e g i o n a l  s u b s i d e n c e  w a s  a l s o  
d i m i n i s h i n g .  T h i s  i s  i n d i c a t e d  b y  t h e  l o w e r  a m p l i t u d e  o f  t h e  f o u r t h -  
d e g r e e  s t r u c t u r a l  t r e n d  s u r f a c e  f o r  t h e  H a w k e s b u r y  S a n d s t o n e  a s  c o m ­
p a r e d  w i t h  t h e  B u l l i  C o a l  ( F i g .  4 )  a n d  b y  t h e  s y s t e m a t i c  d e c r e a s e  
i n  t h e  m a g n i t u d e  o f  t h e  f i r s t - d e g r e e  s t r u c t u r a l  g r a d i e n t s  u p w a r d  
t h r o u g h  t h e  s e q u e n c e  ( T a b l e  3 ) .
Although both regional and local structures appear to have 
become less active during Narrabeen Group times, the geographical 
stability and temporal persistence of these structures suggest that 
they were coupled to basement subsidence, rather than to compaction- 
related subsidence. The presence in the Southern Coalfield of 
major growth faults, which were active during the Permian and 
Triassic but gradually die out upward through the sequence, has been 
recorded by Osborne ( 1 9 4 8 ) ,  Wilson, Wright, Taylor, and Probert ( 1 9 5 8 ) ,  
Cramsie ( 1 9 6 4 ) ,  and Stone and Cook ( 1 9 7 9 ) .  In view of the parallelism 
of the major group of faults in the Southern Coalfield (described by 
Wilson, Wright, Taylor, and Probert, 1 9 5 8 )  with the northwest-trending 
features in the structural and thickness residuals maps, block-fault­
ing emerges as a possible mechanism whereby basement subsidence 
influenced the thickness (and presumably other properties) of the
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a c c u m u l a t i n g  P e r m i a n  a n d  T r i a s s i c  f o r m a t i o n s .  C o o k  ( 1 9 6 9 b )  p r o p o s e d  
a  b l o c k - f a u l t i n g  m e c h a n i s m  i n v o l v i n g  a  c o m b i n a t i o n  o f  d e e p - s e a t e d  
( b a s e m e n t )  f a u l t s  a n d  s u p e r f i c i a l  a d j u s t m e n t  f a u l t s  t o  a c c o u n t  f o r  t h e  
s m a l l - s c a l e  s t r u c t u r e s  i n  t h e  S o u t h e r n  S y d n e y  B a s i n .
C O N C L U S IO N S
1 .  T r e n d - s u r f a c e  a n a l y s i s  f a c i l i t a t e s  t h e  c o m p a r i s o n  o f  
p a t t e r n s  o f  s t r u c t u r e  a n d  t h i c k n e s s  v a r i a t i o n  b y  
a l l o w i n g  t h e  r e g i o n a l  a n d  l o c a l  f e a t u r e s  t o  b e  c o n ­
s i d e r e d  s e p a r a t e l y .
2 .  A n  i n v e r s e  r e l a t i o n s h i p  e x i s t s  b e t w e e n  p r e s e n t - d a y  
s t r u c t u r e  a n d  t h i c k n e s s  o n  b o t h  a  r e g i o n a l  a n d  a  l o c a l  
s c a l e ,  i n d i c a t i n g  t h a t  s t r u c t u r e s  w h i c h  w e r e  a c t i v e  
d u r i n g  t h e  P e r m o - T r i a s s i c  a n d  w h i c h  s t r o n g l y  i n f l u e n c e d  
t h e  t h i c k n e s s  o f  a c c u m u l a t i n g  s e d i m e n t s  a r e  p r e s e r v e d  
i n  t h e  p r e s e n t - d a y  s t r u c t u r e  w i t h  l i t t l e  s u b s e q u e n t  
m o d i f i c a t i o n .  O f  t h e  1 0  f o r m a t i o n s  i n  t h e  s e c t i o n  
s t u d i e d ,  t h e  B u l l i  C o a l  a n d  t h e  B a l d  H i l l  C l a y s t o n e  
e x h i b i t  t h i s  s t r u c t u r e / t h i c k n e s s  r e l a t i o n s h i p  m o s t  
d e c i s i v e l y .
3 .  I n  t h e  c a s e  o f  t h e  B u l l i  C o a l ,  t h e  i n v e r s e  c o r r e l a t i o n
b e t w e e n  s e a m  t h i c k n e s s  a n d  t h e  i n f e r r e d  M i d d l e  T r i a s s i c  .
s t r u c t u r e  i s  s t r o n g e r  t h a n  t h e  c o r r e l a t i o n  b e t w e e n  s e a m  
t h i c k n e s s  a n d  p r e s e n t - d a y  s t r u c t u r e ;  h o w e v e r ,  b o t h  
c o r r e l a t i o n s  a r e  s t r o n g  o n  a  r e g i o n a l  s c a l e  a n d  p r o ­
n o u n c e d  o n  a  l o c a l  s c a l e .
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4 .  T h e  p e r s i s t e n c e  o f  t h e  r e g i o n a l  a n d  l o c a l  p a t t e r n s  o f  
s t r u c t u r a l  a n d  t h i c k n e s s  v a r i a t i o n  u p w a r d  t h r o u g h  t h e  
s e q u e n c e  s u g g e s t s  t h a t  s u b s i d e n c e  w a s  l a r g e l y  b a s e m e n t ­
c o n t r o l l e d  a n d  w a s  p o s s i b l y  r e l a t e d  t o  b l o c k - f a u l t i n g .
A t t e m p t s  t o  e v a l u a t e  q u a n t i t a t i v e l y  t h e  c o n t r i b u t i o n  o f  
d i f f e r e n t i a l  c o m p a c t i o n  t o  t h e  s u b s i d e n c e  p a t t e r n  y i e l d e d  
i n c o n c l u s i v e  r e s u l t s .
5 .  A n a l y s i s - o f - v a r i a n c e  d a t a  a n d  c o n t o u r  m ap s  o f  t r e n d s  a n d  
r e s i d u a l s  f o r  s u c c e s s i v e l y  y o u n g e r  f o r m a t i o n s  s u g g e s t  t h a t  
t h e  t w o  d i v i s i o n s  o f  s t r u c t u r e s  ( l a r g e -  a n d  s m a l l - s c a l e )  
w e r e  g r a d u a l l y  d e c r e a s i n g  i n  a c t i v i t y  f r o m  t h e  e n d  o f  t h e  
P e r m i a n  o n w a r d ,  a l t h o u g h  t h e  l a r g e - s c a l e  ( r e g i o n a l )  s t r u c t u r e s  
a p p e a r  t o  h a v e  r e m a i n e d  a c t i v e  l o n g e r  t h a n  t h e  s m a l l - s c a l e  
( l o c a l )  s t r u c t u r e s .
6 .  T h e  s t r o n g  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  t h e  p r e s e n t - d a y  
s t r u c t u r e  a n d  t h e  f o r m a t i o n  t h i c k n e s s  o b v i a t e s  t h e  n e e d  f o r  
a n  h y p o t h e s i s  o f  m a j o r  T e r t i a r y  w a r p i n g  t o  a c c o u n t  f o r  t h e  
s t r u c t u r e  o f  t h e  s o u t h e r n  p a r t  o f  t h e  S y d n e y  B a s i n  a n d  
s i m i l a r l y  f o r  a n  h y p o t h e s i s  b a s e d  s o l e l y  u p o n  e r o s i o n  t o  
e x p l a i n  t h e  t h i c k n e s s  v a r i a t i o n s  o f  t h e  B u l l i  C o a l .
A C KN O W LED G M ENTS
I  w i s h  t o  e x p r e s s  my a p p r e c i a t i o n  t o  t h e  f o l l o w i n g  o r g a n i s a t i o n s  
f o r  p r o v i d i n g  s t r a t i g r a p h i c  d a t a :  A u s t r a l i a n  I r o n  a n d  S t e e l ,  B e l l a m b i  
C o a l  a n d  C o k e  C o . ,  C l u t h a  D e v e l o p m e n t ,  C o a l  C l i f f  C o l l i e r i e s  a n d  N . S . W .  
D e p a r t m e n t  o f  M i n e r a l  R e s o u r c e s  a n d  D e v e l o p m e n t .  I  am  g r a t e f u l  t o  
P r o f e s s o r -  A . C .  C o o k ,  D r .  B . G .  J o n e s ,  D r .  W . E .  S t e p h e n s  a n d  P r o f e s s o r  
E . K .  W a l t o n  f o r  t h e i r  c o m m e n t s  o n  t h i s  p a p e r .
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Table 1. Stratigraphy of the Southern Coalfield
P e r i o d G r o u p  S u b g r o u p
T r i a s s i c W i a n a m a t t a  
H a w k e s b u r y  S a n d s t o n e  
N a r r a b e e n
P e r m i a n  . I l l a w a r r a  C o a l  M e a s u r e s  S y d n e y
C u m b e r l a n d
S h o a l h a v e n
C l y d e  C o a l  M e a s u r e s
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T a b l e  2, L i t h o l o g i c  D e t a i l s  o f  t h e  W o n g a w i l l i  C o a l - H a w k e s b u r y  
S a n d s t o n e  I n t e r v a l
G r o u p /  T h i c k n e s s  m  D . M .  _ . .
c . „  r n n  /  \  D e s c r i p t i o nf o r m a t i o n  B o r e  6 8 u  ( m )
H a w k e s b u r y 1 8 6 . 0
S a n d s t o n e
N e w p o r t 1 7 . 9
F o r m a t i o n
B a l d  H i l l 3 9 . 3
C l a y s t o n e
B u l g o  S a n d s t o n e  2 1 1 . 1
S t a n w e l l  P a r k  4 7 . 9
C l a y s  t o n e
S c a r b o r o u g h 2 6 . 9
S a n d s  t o n e
W o m b a r r a 3 7 . 4
C l a y s t o n e
C o a l  C l i f f  
S a n d s t o n e
2 2 . 3
B u l l i  C o a l 2 . 7
Q u a r t z  r i c h ,  f i n e  t o  v e r y  c o a r s e  a n d  
g r a v e l l y  s a n d s t o n e s ;  t r o u g h  c r o s s -  
b e d d e d  a n d  m a s s i v e  u n i t s ;  a r e a l l y  
r e s t r i c t e d  s h a l e  l e n s e s
D a r k  g r e y  s h a l e s ,  l a m i n i t e s ,  m i n o r  
f i n e  s a n d s t o n e s
R e d ,  g r e y ,  a n d  m o t t l e d  c l a y s t o n e s ;  
m a s s i v e  a n d  n o d u l e - b e a r i n g  u n i t s ; 
c l a y - s i l t s t o n e s  a n d  c l a y - a r e n i t e s  
i n  l o w e r  p o r t i o n ;  g r e y ,  n o d u l a r ,  
c h e r t y  c l a y s t o n e  ( " t o n s t e i n " )  a t  t o p
T h i n  i n t e r b e d d e d  u n i t s  o f  s a n d s t o n e  
a n d  c l a y s t o n e ;  s a n d s t o n e  l i t h o l o g y  
d o m i n a n t ,  q u a r t z - l i t h i c , m a i n l y  f i n e  
t o  m e d i u m ,  w e a k l y  c r o s s - b e d d e d  a n d  
m a s s i v e  u n i t s ; c l a y s t o n e s  g r e y -  
g r e e n  a n d  l e s s  c o m m o n l y  r e d ,  m a s s i v e
I n t e r b e d d e d  c l a y s t o n e s  a n d  s a n d s t o n e s  
c l a y s t o n e s  g r e y - g r e e n  a n d  l e s s  c o m m o n  
l y  r e d ,  m a s s i v e ;  s a n d s t o n e  l i t h i c ,  
f i n e  t o  c o a r s e ,  c o m m o n  f i n i n g  u p w a r d  
u n i t s  w i t h  s c o u r e d  b a s e s  a n d  w e a k  
c r o s s - b e d d i n g  i n  l o w e r  p o r t i o n s
M a i n l y  f i n e  t o  c o a r s e ,  l i t h i c  s a n d ­
s t o n e s ;  m i n o r  t h i n  c l a y s t o n e s
G r e y - g r e e n  m a s s i v e  c l a y s t o n e s  a n d  
s i l t s t o n e s ;  m i n o r  l i t h i c  s a n d s t o n e s ;  
s a n d s t o n e s  f i n e  u p w a r d  t o  s i l t s t o n e  
a n d  c l a y s t o n e
F i n e  t o  c o a r s e ,  q u a r t z - l i t h i c  s a n d ­
s t o n e ;  t h i n  g r e y  c l a y s t o n e  u n i t s
B r i g h t  a n d  d u l l  b i t u m i n o u s  c o a l ;  
m i n o r  s i l t s t o n e  a n d  s i d e r i t e  b a n d s ; ,  
" e c o n o m i c ' ’ p o r t i o n  o f  c o a l  s e a m  i s  
o v e r l a i n  l o c a l l y  b y  a  t h i n  s e q u e n c e  
o f  c a r b o n a c e o u s  s e d i m e n t s ;  u p p e r  
b o u n d a r y  l o c a l l y  d i s c o r d a n t
479
G r o u p /
f o r m a t i o n
T h i c k n e s s  i n  D . M .  
B o r e  6 8 a  ( m ) D e s c r i p t i o n
E c k e r s l e y
F o r m a t i o n
8 4 . 9 S a n d s t o n e ,  t h i n  i n t e r b e d d e d  u n i t s  o f  
s a n d s t o n e  a n d  s h a l e ,  s h a l e ,  c o a l ;  
c o n t a i n s  t h e  B a l g o w n i e ,  C a p e  H o r n ,  
H a r g r a v e ,  W o r o n o r a  C o a l  M e m b e r s  a n d  
t h e  L a w r e n c e  a n d  N o v i c e  S a n d s t o n e  
M e m b e r s
W o n g a w i l l i
C o a l
5 . 3 C o a l ,  c a r b o n a c e o u s  s h a l e ,  c l a y s t o n e ,  
t u f f ;  w o r k i n g  s e c t i o n  c o n s i s t s  o f  
b a s a l  2 - 3 . 5 m ;  u p p e r  s e c t i o n  s h a l y .
a  B o r e  l o c a t i o n  : E 2 9 1 ,  8 6 1 ;  N l ,  2 2 2 ,  5 0 3 .
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T a b l e  3 .  S t r u c t u r a l  G r a d i e n t s  a n d  D i p  D i r e c t i o n s  f o r  t h e  
W o n g a w i l l i  C o a l  -  H a w k e s b u r y  S a n d s t o n e  I n t e r v a l ,  
B a s e d  o n  F i r s t - d e g r e e  T r e n d  S u r f a c e s
H o r i z o n G r a d i e n t  
( m /  k m )
D i p  d i r e c t i o n
B a s e o f H a w k e s b u r y  S a n d s t o n e 1 6 . 5 3 2 7 °
B a s e o f B a l d  H i l l  C l a y s t o n e 1 7 . 0 3 2 8 °
B a s e o f B u l g o  S a n d s t o n e 2 0 . 0 3 3 5 °
B a s e o f B u l l i  C o a l 1 9 . 6 3 3 7 °
B a s e o f W o n g a w i l l i  C o a l 2 0 . 3 3 3 9 °
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T a b l e  4 .  S m a l l - S c a l e  S t r u c t u r a l  F e a t u r e s  D e l i n e a t e d  b y  F o u r t h -  
D e g r e e  T r e n d  S u r f a c e  R e s i d u a l s
______ L o c a t i o n ____________
E a s t i n g  N o r t h i n g  S i g n  D e s c r i p t i o n
A .  2 8 5 , 0 0 0  1 , 2 0 8 , 0 0 0  +  S t r o n g  p o s i t i v e  d o m a i n  i n  c e n t r a l
n o r t h  p o r t i o n  o f  a r e a ;  s o u t h e r n  
p o r t i o n  o f  h i g h  c o i n c i d e s  w i t h  
B u l l i  A n t i c l i n e
B . 2 9 2 , 5 0 0 1 , 2 1 7 , 5 0 0 —
C . 3 0 0 , 0 0 0 1 , 2 2 5 , 0 0 0 +
D . 2 7 7 , 5 0 0 1 , 2 1 4 , 0 0 0 -
E . 2 8 1 , 0 0 0 1 , 2 0 2 , 0 0 0
S t r o n g  n e g a t i v e  d o m a i n  o n  e a s t  
f l a n k  o f  c e n t r a l  h i g h
P o s i t i v e  d o m a i n  a l o n g  n o r t h e a s t  
m a r g i n  o f  a r e a
S t r o n g  n o r t h w e s t - e l o n g a t e  n e g a t i v e  
d o m a i n  i n  A p p i n - D o u g l a s  P a r k  a r e a ,  
o n  w e s t  f l a n k  o f  c e n t r a l  h i g h
S t r o n g  n o r t h w e s t - e l o n g a t e  n e g a t i v e  
d o m a i n ,  o p e n  t o  s o u t h e a s t ,  o n  
s o u t h w e s t  f l a n k  o f  c e n t r a l  h i g h ,  
c o i n c i d i n g  w i t h  S o u t h  B u l l i  
S y n c l i n e
F .  2 7 5 , 0 0 0  1 , 2 0 8 , 0 0 0  +  S t r o n g  p o s i t i v e  d o m a i n  n o r t h w e s t  o f
S o u t h  B u l l i  S y n c l i n e
G .  2 8 0 , 0 0 0  1 , 1 9 3 , 5 0 0  +  S t r o n g  p o s i t i v e  d o m a i n  s o u t h  o f
S o u t h  B u l l i  S y n c l i n e  c o i n c i d i n g  
w i t h  K e m i r a  A n t i c l i n e
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T a b l e  5 .  S m a l l  S c a l e  T h i c k n e s s  D o m a i n s  D e l i n e a t e d  b y  F o u r t h -  
D e g r e e  T r e n d  S u r f a c e  R e s i d u a l s  f o r  t h e  B u l l i  C o a l
______ L o c a t i o n ____________
E a s t i n g  N o r t h i n g  S i g n  D e s c r i p t i o n
1 . 2 8 7 , 0 0 0 1 , 2 1 0 , 0 0 0 S t r o n g  n e g a t i v e  t h i c k n e s s  d o m a i n  
i n  c e n t r a l  n o r t h  p o r t i o n  o f  a r e a ,  
c o i n c i d i n g  w i t h  B u l l i  A n t i c l i n e
2 . 2 9 2 , 0 0 0 1 , 2 1 5 , 0 0 0 + S t r o n g  n o r t h w e s t - e l o n g a t e  
p o s i t i v e  d o m a i n ,  n o r t h e a s t  o f  
B u l l i  A n t i c l i n e
3 . 3 0 0 , 0 0 0 1 , 2 2 5 , 0 0 0 - S t r o n g  n e g a t i v e  d o m a i n  i n  
e x t r e m e  n o r t h e a s t  o f  t h e  a r e a
4 . 2 7 7 , 5 0 0 1 , 2 1 4 , 0 0 0 + S t r o n g  n o r t h w e s t - e l o n g a t e  p o s i t ­
i v e  d o m a i n ,  c o r r e s p o n d i n g  t o  t h e  
. A p p i n - D o u g l a s  P a r k  n e g a t i v e  
s t r u c t u r e  d o m a i n
5 . 2 8 2 , 0 0 0 1 , 2 0 5 , 0 0 0 + N o r t h w e s t - e l o n g a t e  p o s i t i v e  
d o m a i n ,  c o i n c i d i n g  w i t h  t h e  
S o u t h  B u l l i  n e g a t i v e  s t r u c t u r e  
d o m a i n
6 . 2 8 0 , 0 0 0 1 , 1 9 0 , 0 0 0 + N o r t h w e s t - e l o n g a t e  p o s i t i v e  
d o m a i n ,  c o i n c i d i n g  w i t h  t h e  
s o u t h  f l a n k  o f  t h e  K e m i r a  A n t i ­
c l i n e
7 . 2 7 5 , 0 0 0 1 , 1 9 2 , 5 0 0 - W e a k  n e g a t i v e  d o m a i n s  s k i r t i n g  
d o m a i n  6
8 . 2 7 0 , 0 0 0 1 , 1 9 7 , 0 0 0 + A  d i s c o n t i n u o u s  p o s i t i v e  d o m a i n  
i n  t h e  s o u t h w e s t  p o r t i o n  o f  
C o a l f i e l d ,  c o n t i g u o u s  w i t h  
d o m a i n s  5  a n d  6
9 . 2 7 2 , 0 0 0 1 , 2 0 7 , 0 0 0 - A  b r o a d  n e g a t i v e  d o m a i n  a l o n g  
t h e  w e s t  m a r g i n
1 0 . 2 6 9 , 0 0 0 1 , 1 8 5 , 0 0 0 - N e g a t i v e  d o m a i n  i n  e x t r e m e  
s o u t h w e s t  o f  a r e a
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Table 6. Correlation Coefficients Between (A) Present-Day 
Structural and Thickness Trends (B ) , Present-Day 
Structural and Thickness Residuals (C) Inferred 
Triassic  Structural and Thickness Trends, and
(D) Inferred Triassic Structural and Thickness 
Residuals for the Bu l l i  Coal
A Present-day structural trends
(x) versus thickness trends
(y)
B Present-day structural residuals
(x) versus thickness residuals
(y)
y/x Deg 1 Deg 2 Deg 3 Deg 4 y/x Deg 1 Deg 2 Deg 3 Deg 4
Deg 1 -.943 -.934 -.926 -.920 Deg 1 -.266 -.377 -.333 -.326
Deg 2 -.888 -.849 -.845 -.839 Deg 2 -.357 -.385 -.354 -.345
Deg 3 -.839 -.801 -.822 -.817 Deg 3 -.280 -.303 -.351 -.347
Deg 4 -.736 -.704 -.723 -.729 Deg 4 -.275 .-297 -.345 -.387
C Inferred Triassic structural 
trends (x) versus thickness 
trends (y)
y/* Deg 1 Deg 2 Deg 3 Deg 4
Deg 1 -.994 -.988 -.973 -.968
Deg 2 -.939 -.910 -.895 -.891
Deg 3 -.873 -.840 -.853 -.848
Deg 4 -.772 -.746 -.746 -.768
D Inferred Triassic structural 
residuals (x) versus thickness 
residuals (y)
y/x Deg 1 Deg 2 Deg 3 Deg 4
Deg 1 -.398 -.459 -.541 - . 475
Deg 2 -.441 -.458 -.540 - . 475
Deg 3 -.413 -.418 -.561 - . 494
Deg 4 -.427 -.436 -.554 - . 563
484
I'nble 7. Percentage Data Relating to the Signs of Corresponding 
Structural and Thickness Residual Domains
Interval Residuals of
opposite
sign
Residuals 
of same 
sign
x2
a
values
Gosford Formation 53.8 46.2 15.66
Bald Hill Claystone 64.0 36.0 82.25
Bulgo Sandstone 61.1 38.9 41.29
Stanwell Park Claystone 65.2 34.8 30.76
Scarborough Sandstone 62.6 37.4 38.80
Wombarra Claystone 58.2 41.8 15.43
Coal Cliff Sandstone 46.5 53.5 b11.74
Bulli Coal 68.3 31.7 121.63
Eckersley Formation 56.2 43.8 29.36
Wongawilli Coal 58.9 41.1 33.49
2
a X values were obtained from a test for nonrandomness in 
the areal relationship between the signs of structural 
and thickness residuals.
b Significant at the 99% level. All other X2 values are
significant at the > 99.5% level.
485
Table 8. Analysis-of-Variance Data for the Bulli Coal, Bald Hill 
Claystone and Hawkesbury Sandstone
Percentage of variance explained
Component Thickness Present-day Inferred
structure Triassic
_______ _ . _______________ __________ structure
Bulli Coal Deg. 4 trend 52.26 96.56 92.52
Deg. 4 residuals 47.74 3.44 7.48
Bald Hill 
Claystone
Deg. 4 trend 78.27 96.44
Deg. 4 residuals 21.73 3.56
Hawkesbury
Sandstone
Deg. 4 trend 96.24
Deg. 4 residuals 3.76
Figure 1. Location map showing boundaries of Southern Coalfield (SCCG, 1971) 
the main study area, the Wedderburn study area and outcrop of 
Buili Coal. Coordinates are based on International Standard Grid.
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Figure 2
SCALE
H A W K E S B U R Y  S A N D S T O N E
N E W P O R T  F O R M A T I O N  
B A L D  H I L L  C L A Y S T O N E
B U L G O  S A N D S T O N E
N A R R A B E E N  G R O U P
S T A N W E L L  P A R K  C L A Y S T O N E
S C A R B O R O U G H  S A N D S T O N E
W O M B A R R A  C L A Y S T O N E  
C O A L  C L I F F  S A N D S T O N E v
B U L L I  C O A L  n
E C K E R S L E Y  F O R M A T I O N
I L L A W A R R A  C O A L  M E A S U R E S  
W O N G A W I L L I  C O A L  ( S Y D N E Y  S U B - G R O U P )
. Wongawilli Coal - Hawkesbury Sandstone interval in 
D.M. Bore 68 (grid coordinates: E291, 861; Nl, 222, 
503).
Figure 3. Structural contour map showing elevation (in metres 
relative to sea level) of bases of (a) Hawkesbury 
Sandstone and (b) Bulli Coal. '
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Figure 4. First- and fourth-degree structural trend surfaces 
(in metres) and associated correlation coefficients 
for bases of (a, b) Hawkesbury Sandstone and (c, d) 
Bulli Coal.
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Figure 5. Contoured fourth-degree structural residuals (in metres)
for the base of Bulli Coal.
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Figure 6. Contoured fourth-degree structural residuals (in metres)
for the base of Hawkesbury Sandstone.
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Figure 7. Isopachs (in metres) for (a) Bulli Coal and (b) Bald 
Hill Claystone.
Figure 8. Contoured first- to fourth-degree thickness trend 
surfaces (in metres) and associated correlation 
coefficients for Bulli Coal. .
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Figure 9. Contoured fourth-degree thickness residuals (in metres)
for Bulli Coal. .
Figure 10. Contoured first- to fourth-degree thickness trend 
surfaces (in metres) and associated correlation 
coefficients for Bald Hill Claystone. •
E270 000
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Figure 11. Contoured fourth-degree thickness residuals (in metres)
for Bald Hill Claystone. •
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Figure 12. Superposed fourth-degree structural and thickness
residual domains for Bulli Coal. Horizontal hatching: 
negative structural residuals; vertical hatching: 
positive thickness residuals.
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Figure 13. Superposed fourth-degree structural and thickness 
residual domains for Bald Hill Claystone. 
Horizontal hatching: negative structural 
residuals; vertical hatching: positive 
thickness residuals. •
E
270 0
0
0
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Figure 14. Contoured fourth-degree thickness residuals (in metres)
for the Bald Hill Claystone - Bulli Coal interval.
